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Abstract

Variations in the abundances of light stable
isotopes, particularly those of hydrogen, boron,
carbon, oxygen and sulfur, were essential in
developing mineralization models. The data
provide constraints on sources of hydrothermal
fluids, carbon, boron and sulfur, track interac-
tion of these fluids with the rocks at both the
deposit and district scales, and establish pro-
cesses of ore deposition. In providing such
constraints, isotopic data have been integral in
developing genetic models for porphyry-
epithermal, volcanic-hosted massive sulfide,
orogenic gold, sediment-hosted base metal and
banded-iron formation-hosted iron ore sys-

tems, as discussed here and in other chapters
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in this book. After providing conventions,
definitions and standards used to present stable
isotope data, this chapter summarizes analytical
methods, both bulk and in situ, discusses
processes that fractionate stable isotopes, doc-
uments the isotopic characteristics of major
fluid and rock reservoirs, and then shows how
stable isotope data have been used to better
understand ore-forming processes and to pro-
vide vectors to ore. Analytical procedures,
initially developed in the 1940s for carbon—
oxygen analysis of bulk samples of carbonate
minerals, have developed so that, for most
stable isotopic systems, spots as small as a few
tens of pwm are routinely analyzed. This preci-
sion provides the paragenetic and spatial res-
olution necessary to answer previously
unresolvable genetic questions (and create
new questions). Stable isotope fractionation
reflects geological and geochemical processes
important in ore formation, including: (1) phase
changes such as boiling, (2) water—rock inter-
action, (3) cooling, (4) fluid mixing, (5) de-
volatilization, and (6) redox reactions,
including SO, disproportionation caused by
the cooling of magmatic-hydrothermal fluids
and photolytic dissociation in the atmosphere.
These processes commonly produce gradients
in isotopic data, both in time and in space.
These gradients, commonly mappable in space,
provide not only evidence of process but also
exploration vectors. Stable isotope data can be
used to estimate the conditions of alteration or
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mineralization when data for coexisting
minerals are available. These estimates use
experimentally- or theoretically-determined
fractionation equations to estimate tempera-
tures of mineral formation. If the temperature is
known from isotopic or other data (e.g., fluid
inclusion data or chemical geothermometers),
the isotopic composition of the hydrothermal
fluid components can be estimated. If fluid
inclusion homogenization and compositional
data exist, the pressure and depth of mineral-
ization can be estimated. One of the most
common uses of stable isotope data has been to
determine, or more correctly delimit, fluid and
sulfur sources. Estimates of the isotopic com-
positions of hydrothermal fluids, in most cases,
do not define unequivocal sources, but, rather,
eliminate sources. As an example, the field of
magmatic fluids largely overlap that of meta-
morphic fluids in 5'®0-8D space, but are
significantly different to the fields of meteoric
waters and seawater. As such, a meteoric or
seawater origin for a fluid source may be
resolvable, but a magmatic source cannot be
resolved from a metamorphic source. Simi-
larly, although 8**S ~ 0%o is consistent with a
magmatic-hydrothermal sulfur source, the sig-
nature can also be produced by leaching of an
igneous source. Recent analytical and concep-
tual advances have enabled gathering of new
types of isotopic data and application of these
data to resolve new problems in mineral deposit
genesis and geosciences in general. Recent
developments such as rapid isotopic analysis
of geological materials or clumped isotopes
will continue to increase the utility of stable
isotope data in mineral deposit genesis and
metallogeny, and, importantly, for mineral
exploration.

1 Introduction

In the early 1900s isotopes, which are now rec-
ognized as atoms of a chemical element that
differ in the number of neutrons, were discovered
independently by studying radioactive decay
series (Soddy 1913) and measuring the deflection
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of neon ions through a magnetic field (Thomson
1913). In the case of radioactive isotopes, dif-
ferent isotopes were originally described as dif-
ferent elements, however, both of these
investigations concluded that there were varieties
of chemical elements, which Soddy (1913) ter-
med isotopes. It was not until the discovery of
the charge neutral neutron by Chadwick (1932)
that it was recognized that isotopes were the
consequence of the number of neutrons in the
nucleus. Isotope geochemistry then grew from
the recognition that the vast majority of elements
have more than one isotope (e.g. Nier 1937) and
that the abundances could be affected by geo-
logical processes.

In a seminal paper, Urey (1947) estimated the
temperature-dependent fractionation of oxygen
isotopes between CaCOj3 and water and proposed
that this fractionation could be used as a
geothermometer. Subsequently Epstein et al.
(1953) calibrated the geothermometer by grow-
ing molluscs at different temperatures, initiating
the field of stable isotope geochemistry.

One of the first stable isotope studies on ore
deposits was by Engel et al. (1958a) on changes
in the carbon and oxygen isotope composition of
limestone in the Leadville district (Colorado,
USA) due to hydrothermal alteration. This initi-
ated a blossoming of stable isotope research on
mineral deposits, and by the late 1960s and
1970s, stable isotope geochemistry, particularly
the use of hydrogen, boron, oxygen, carbon and
sulfur isotopes, had become one of the mainstays
of ore genesis research, providing methods by
which temperatures of mineral deposition could
be estimated, sources of ore fluids, sulfur and
some metals could be identified, and chemical
reactions in ore forming systems could be
tracked. Furthermore, as discussed by Barker
et al. (2013) and others, stable isotopes have
great potential as exploration vectors to many
types of mineral deposits. As an example, vari-
ations in whole rock oxygen isotope values were
one of the vectors that led to the discovery of the
45 West volcanic-hosted massive sulfide deposit
in Queensland, Australia (Miller et al. 2001).

Contributions in this section illustrate how
light stable isotopes have been used in the study
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of and exploration volcanic-hosted massive sul-
fide (Huston et al. 2023), sediment-hosted base
metal (Williams 2023), iron ore (Hagemann et al.
2023), and orogenic gold (Quesnel et al. 2023)
systems. The use of stable isotopes in ore studies
has been reviewed extensively, including in the
second and third editions of Geochemistry of
Hydrothermal Ore Deposits (Barnes 1979, 1997,
Taylor 1979, 1997; Ohmoto and Rye 1979;
Ohmoto and Goldhaber 1997). Other important
overall reviews include those by Ohmoto (1986),
Kerrich (1987), Taylor (1987), Seal (2006), and
Shanks (2014), and there have been many
reviews for specific deposit types. In addition, a
number of more general reviews of stable isotope
geochemistry have been published, including
Valley et al. (1986), Kyser (1987), Valley and
Cole (2001) and Hoefs (1997, 2021). This
chapter provides context for the more detailed
discussions of stable isotope geochemistry pro-
vided for individual mineral systems in later
chapters.

2 Fundamentals of Light Stable
Isotope Geochemistry

Light stable isotope geochemistry is concerned
with variations in the relative abundance of stable
isotopes of light elements, including hydrogen,
helium, boron, carbon, oxygen, nitrogen, silicon,
sulfur and chlorine. These elements share a
number of characteristics: (1) low mass number,
(2) large relative mass differences (difference in
isotope mass relative to mass number) between
the minor (generally the heavier) and the abun-
dant isotope, and (3) sufficient abundance
(>0.01%) of the minor isotope to allow precise
measurements of the isotope ratio (Table 1). Of
the above elements, only five—hydrogen, boron,
carbon, oxygen and sulfur—are now used rou-
tinely in studies of mineral deposits and this
review will concentrate on these elements.
Helium (Simmons et al. 1987), nitrogen (Jia and
Kerrich 1999), silicon (Zhou et al. 2007) and
chlorine (Eastoe and Guilbert 1992) have also
been used in mineral deposit studies, but not
extensively, and are not discussed further.
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3 Conventions, Definitions
and Standards

Since the inception of stable isotope geochem-
istry as a separate field of geochemistry in the
middle part of the last century, a set of conven-
tions have been developed so that isotope data
are reported systematically throughout the world.
These conventions include definitions of nota-
tions used to report isotope data and standards to
which isotope data are related.

The absolute isotope ratio, R, which is defined
as the ratio of the number of atoms of the heavy
isotope to that of the light isotope, is the funda-
mental parameter measured. However, differ-
ences in absolute ratios between two samples can
be measured more precisely than absolute ratios.
Consequently, the d-value was introduced, which
is a measure of the difference in absolute isotope
ratios between the measured sample and a stan-
dard, to report the relative deviation of stable
isotope abundances:

0x(%o) = 1000(Rx — Rstp)/RstD

= 1000(Rx/Rstp — 1) (1)
where Ry is the isotope ratio of an unknown
sample and Rgrp is the isotope ratio of a standard
(McKinney et al. 1950). Because of the magni-
tude of most stable isotope variations in terres-
trial materials, it is convenient to report the o-
value in per mil (%o) (Coplen 2011).

To facilitate interlaboratory comparisons, a set
of international standards has been established
for all geologically important light stable iso-
topes (Coplen et al. 1983). For hydrogen and
oxygen, the internationally accepted reference
standard is V-SMOW (Vienna' Standard Mean
Oceanic Water; identical to the original SMOW));
for boron the reference standard is NIST 951
(boric acid); for carbon the accepted reference
standard is V-PDB (Vienna Peedee Belemnite;
V-PDB is used as a reference standard for oxy-
gen in some studies); and for sulfur the reference
standard is V-CDT (Vienna Canyon Diablo

! Vienna denotes standard defined by the International
Atomic Energy Agency based in Vienna.
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Table 1 Characteristics of light stable isotope systems commonly used in mineral system studies and mineral

exploration

Isotope system Abundances of stable isotopes’

Isotope ratios of international standards

Hydrogen "H: 99.9885% V-SMOW?
’H (D or deuterium): 0.0115% 2H/'H: 155.75 (£0.08) x 107°
3H (tritium) is a man-made radioactive
isotope that does not naturally exist
Boron 1°B: 19.9% NIST 951°
B: 80.1% 11B/19B: 4.04362 (£0.00137)
Carbon 12C: 98.93% V-PDB*
3¢ 1.07% 3C/2C: 11,1802 (£2.8) x 107°
4C is a radioactive isotope with a short
half-life that is produced by the interaction
of cosmic rays with "N
Oxygen 1°0: 99.757% V-SMOW?
170: 0.038% 180/'%0: 2005.20 (£0.45) x 107°
80: 0.205% 70/10: 379.9 (+£0.8) x 107°
V-PDB*
80/190: 2067.2 x 107°
170/'%0: 386.0 x 107°
Sulfur 328: 94.93% V-CDT®
38: 0.76% 348/328: 44,1509 (£11.7) x 107°
38: 4.29% $8/3%8: 7877.29 x 107°
36S: 0.02%

Data sources: ‘Rosman and Taylor (1999), 24Werner and Brand (2001), *Catanzaro et al. (1970) and 5Ding etal. (2001)

Troilite). Table 1 gives the absolute abundance
ratios (on an atomic basis) for these reference
standards. Positive d values imply that the heavy
isotope (e.g. D (ZH), g, B¢, 80 or 34S) is
enriched in the sample relative to the reference
standard.

3.1 Isotope Systems

Table 1 summarizes the characteristics of the five
major light stable isotope systems used in min-
eral systems research and exploration. Most of
these systems (H, B and C) are characterized by
two stable isotopes, but the oxygen and sulfur
systems contain three and four isotopes, respec-
tively. In addition, the hydrogen and carbon
systems contain radiogenic isotopes that are
produced by man-made nuclear reactions (°H or
tritium and '*C: Health Physics Society 2011) or
naturally by interaction of cosmic rays with the
upper atmosphere (**C and *H: Korff and Dan-
forth 1939; Health Physics Society 2011). These
radiogenic isotopes are generally not used for ore

genesis studies, but have utility in the study of
young geological and archeological systems.

4 Fractionation of Stable Isotopes

Like other chemical components, isotopes can be
involved in chemical reactions that change their
abundances between two or more chemical sub-
stances. As an example, galena and sphalerite
exchange sulfur isotopes according to the fol-
lowing reaction:

Zn**S + Pb?S = Zn*’S + PbS  (2)
Like other chemical reactions, the equilibrium
constant (K) can be expressed as follows:

K =0 = (azungapyug)/(aznusapyss)
= (apyus/apy2g)/ (azpis/aznng)

(3)

where K and o are temperature dependent, and
ay indicates chemical activity of substance N.
Because isotopes behave nearly ideally, the
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above activity ratios are essentially identical to
isotope ratios, and the above equation reduces to
the isotope fractionation o

%= Rpbs/Rzns (4)
The difference in isotope composition between
two minerals is commonly expressed as Aa_g,
which is defined as &, - dg. Using the approxi-
mation that 1000ln X ~ X (valid only if
X ~ 1.00) and the definitions of R and d, as_g is
related to Asp as follows:

IOOOIHO(A_B ~ AA—B (5)
For As g less than 10%o, this approximation is
correct to within 0.25%o. For |A4_g| greater than
10%o, the approximation becomes less accurate
and isotope fractionation should be determined
using the exact relationship between o and &:

oa—p = (1 +94/1000)/(1+ og/1000)

= (1000 +J,)/(1000 + o) (6)
For isotope systems in which fractionation is
relatively small (e.g. oxygen and boron), the
approximation is mostly valid, for but for the
hydrogen, carbon and sulfur systems, in which
fractionations can reach 100%., the exact rela-
tionship should be used.

The fractionation of isotopes has been studied
experimentally and theoretically for many min-
erals (c.f. Taylor 1979; Ohmoto and Rye 1979;
Kieffer 1982; Clayton and Kieffer 1991;
Kowalski and Wunder 2018, and many others).
These data form the basis from which isotope
data can be interpreted in a geologically mean-
ingful manner. Readers are referred to Beaudoin
and Therrien (2009) and the related web-based
and macOS/iOS/padOS/Android AlphDelta iso-
tope calculator (http://alphadelta.ggl.ulaval.ca)
for an up-to-date compilation of these data for
hydrogen, carbon, oxygen and sulfur and a tool
for fractionation and equilibrium temperature
isotope calculations.
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4,1 Multiple Isotope Measurements
This convention so far considers mass-dependent
fractionation, which can be expressed from the
ratio of two isotopes of an element. This is suf-
ficient for analysis and consideration of JD,
3''B, 8'°C, and 5'®0. While oxygen has another
minor isotope 170, and its abundance is impor-
tant in atmospheric chemistry, its use for ore
studies has just begun (Peters et al. 2020), and
multiple oxygen isotope analysis is not consid-
ered further here. However, for sulfur isotopes
the abundances of the other minor isotopes are
increasingly being used to examine potential
processes affecting sulfide formation (one of the
earliest examples of this is the study of Hulston
and Thode 1965), and so some consideration of
multiple isotope measurements is required.

Sulfur has four stable isotopes 325, 33 S, 34S,
and *°S. As described above, the two-isotope
ratio **S/*%S, and hence &°*S, is generally used to
consider an isotope fractionation related to mass
dependent fractionation. Based on 8°*S, a pre-
diction can therefore be made concerning the
magnitude of 8>S and §°°S in any sample. This
can be considered in terms of relative mass dif-
ference from the major isotope. If the isotope
fractionation is 1.0%o for 8345, then the predic-
tion will be that 3°°S will be about 0.5%. [0.5
being obtained from (33-32)/(34-32)], and 3°S
will be about 2.0%0 [2 being (36-32)/(34-32)].
This approximation can be refined using exact
nuclidic masses, and also by changing the mass
fractionation law that relates 8>S and &°°S to
3**S (e.g. linear, power, exponential).

Another isotope parameter (A) can then be
determined for the difference in isotope abun-
dance measured, versus that predicted based on
3**S. A common formalism for A**S and A*°S
can be expressed as’:

A?S = 538y — 0.5150%Sx (7)

and

2 These definitions of A*S and A*®S differ from that of
A**S, which indicates the difference in isotopic compo-
sition between two minerals, that is A**S, g = 8%#S, —
5>4Sp.
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A*S = 5°°Sx — 1.905°°Sx (8)
where the values 0.515 and 1.90 represent the
mass differences based on the exact nuclidic
masses, and a linear mass-dependent relationship
is assumed. For mass dependent fractionation,
A*S and A*°S will be 0 %o; for non-mass-
dependent fractionation, or, mass independent
fractionation, A*>S and A*3S can be non-zero. It
should be noted that the normalized abundances of
A*S and A®°S are based on the concurrent mea-
surements of A>*S, with A**S and A*°S and so the
precision of A**S and A*°S is not a function of the
external reproducibility of A**S in a sample suite.

5 Analytical Methods

Since the first description of analytical tech-
niques for carbon and oxygen isotope analyses of
carbonate minerals by McCrea (1950), analytical
methods have evolved to the point where for
most stable isotope systems, procedures exist that
allow the analysis of less than a few pictograms
(pg: 1072 @) of sample for micro-analytical
methods. As the methods for stable isotope
analysis is a wide field and a number of volumes
have reviewed the analytical techniques (e.g. de
Groot 2004, 2009; Foster et al. 2018), the
description below is brief.

In a broad sense, analytical methods for stable
isotopes can be grouped into bulk methods that
generally produce a gas that is analysed by a gas-
source isotope ratio mass spectrometer, and
microanalytical methods that generally extract
material from the sample using either a laser or
an ion beam followed by analysis using gas-
sourced mass spectrometry, inductively coupled
plasma mass spectrometry (ICP-MS) or sec-
ondary ion mass spectrometry (SIMS). Bulk
methods, which were developed in the 1950s and
1960s, are still the mainstay for analyses in many
laboratories. In contrast, microanalytical methods
began to be developed in the 1980s and 1990s,
and are only now becoming widespread as the
number of instruments has increased and the
relative costs of analyses have decreased.
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5.1 Bulk Analytical Methods

Most bulk stable isotope analytical methods
involve the conversion of solid minerals into
gases that can be analysed using gas-source mass
spectrometry. Carbonate minerals are typically
reacted with phosphoric acid at various temper-
atures (depending on the mineral) to produce
CO,, which is then analysed for 5'°C and §'*0
(McCrea 1950). Typical external uncertainties
(206)° for this method are 0.10%o for 3'*C and
0.16%o for §'°0.

Sulfide minerals are typically reacted with
excess CuO at 800-1000 °C, with the sulfide
converted to SO, gas, which is analysed for 5%s
(Grinenko 1962; Robinson and Kusakabe 1975).
Alternatively, sulfide minerals can be reacted
with BrFs or CIF; to produce SFg gas, which is
then analysed (Puchelt et al. 1971). This latter
method has an important advantage over the SO,
method in that fluorine has only one isotope
(versus three for oxygen), removing uncertainties
in analysis due to non-S isotope variations. As a
consequence, the fluorination method is used in
multiple sulfur isotope studies (Rumble et al.
1993). External uncertainties (2c) for the SO,
method are typically 0.2-0.3%o for 8**S, and
uncertainties for the SFq method are typically
0.2%o. For A*S and A®°S, uncertainties of the
order of 0.04 %o and 0.4 %o (20) reflect the rel-
ative abundances of **S and *°S (Farquhar et al.
2007).

As the reagents that have traditionally been
used to fluorinate sulfide (and other) minerals
(BrFs, CIF; and F,) are hazardous and difficult to
handle, Ueno et al. (2015) developed a rapid
technique for fluorination of Ag,S using solid
CoF; as the fluorination agent. Following reac-
tion at 590 °C using a Curie-point pyrolyzer, the
resulting SF¢ gas was purified using a combina-
tion of cryogenic cleaning and gas

3 To be consistent with radiogenic isotope systems,
uncertainties cited here are external 2 values. ~External’
refers to uncertainties determined from repeat analyses of
individual samples or standards; internal uncertainties,
which are usually less than external uncertainties, refer to
uncertainties due to counting statistics on individual
analyses.
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chromoatogarphy. Details are provided by Ueno
et al. (2015) and Caruso et al. (2022). External
(20) uncertainties are 0.7%o for 8**S, 0.01%o for
A™S and 0.2%o for A*S.

Prior to analysis, sulfate minerals are typically
converted to Ag,S using two methods. In the first
method, described by Rafter (1957), the sulfate
minerals are first dissolved, then precipitated as
barite after the addition of BaCl, to the solution.
The barite is reduced with graphite at 900—
1050 °C to produce BaS and CO,, then the BaS
is dissolved and AgCl added to precipitated
Ag,S. Alternatively, the sulfate minerals are
boiled either in an HI-H;PO,-HCIl solution
(Thode et al. 1961) or in Kiba reagent (Sasaki
et al. 1979) to convert sulfur into H,S, which is
then precipitated as Ag,S with the addition of
AgCl. The Ag,S produced in both methods is
analysed using either the CuO reaction or
fluorination methods described above for sulfide
analysis. The graphite-reduction method has the
advantage that 8'®0 can also be determined from
the CO, produced.

Oxygen is extracted from rocks and minerals
by fluorination of the rock with either BrFs or
CIF; at temperatures of 450-690 °C, depending
on the mineral being analysed. The heating is
done either with a heating element surrounding
the reaction vessels or with lasers. This produces
O, gas, which, historically, has been converted to
CO, gas by Pt-calatysed reaction with graphite
(Clayton and Mayeda 1963), although many
laboratories currently use O, directly. The CO,
or O, gas is then analysed. This method typically
produces external uncertainties (25) in 8'0 of
0.2—0.4%o.

Hydrogen isotope analysis of whole rocks,
minerals and fluid inclusions involves a fairly
complicated procedure to produce H, gas suit-
able for mass spectrometry. First the sample is
heated to 150-200 °C under vacuum for several
hours to remove adsorbed water. After the
adsorbed water has been removed, whole rock
and mineral samples are heated to a temperature
of 900 °C using either a resistance furnace or an
induction oven to release water, which is col-
lected on a liquid N, trap. To analyse fluid
inclusions, after removal of adsorbed water,
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(generally) quartz chips are heated to 800 °C,
which decrepitates the fluid inclusions, and water
and other gases are collected using liquid N».
After cryogenic purification, the collected water
is then reduced to form H, gas using either
heated uranium (Bigeleisen et al. 1952) or zinc
(Vennemann and O'Neil 1993), with the H, gas
then being analysed. This method typically pro-
duces external uncertainties (2c) in 6D of 4%e.. It
must be stressed that fluid inclusion decrepitation
results in the collection of the mixing of all types
of inclusions, which can introduce significant
uncertainties in interpreting the resulting data.

Production of gases for bulk isotope analyses
is always conducted on vacuum lines with all
conversions in vacuo, and the resulting gases
cleaned of impurities cryogenically. In most
methods gas conversion is undertaken at high
temperatures and involves the use of furnaces. In
addition, preparation of SFg and O, by fluorina-
tion involves strong, and dangerous, oxidants.
Hence, preparation of all gases for gas-sourced
mass spectrometry has a degree of hazard, which
some (though not all) micro-analytical methods
eliminate.

In addition to the preparation methods
described above, many laboratories use elemen-
tal analyzers to combust solids and produce gases
such as CO, and SO,, which are separated
automatically using gas chromatography and
analyzed by gas-source mass spectrometry
(Pichlmayer and Blochberger 1988; Giesemann
et al. 1994). With the removal of the need for
cryogenic cleaning of the analyzed gases, this
development has simplified analytical methods
and made them much more rapid.

Bulk analytical methods for boron isotopes
differ from those used for other light stable iso-
topes in that analysis is undertaken using either
thermal ionization mass spectrometry (TIMS) or
inductively-coupled plasma mass spectrometry
(ICP-MS) rather than gas-source mass spectrom-
etry. As a consequence, preparation for analysis
involves solution chemistry and purification,
whereby care is needed to avoid partial loss of
volatile boron and resulting isotope fractionation.
Details of sample preparation are described in
detail by Sah and Brown (1997), Aggerwal and
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You (2016) and Foster et al. (2018). Historically,
boron isotopes were generally analysed using
TIMS, but the development of ICP-MS analysis in
the late 1990s has enabled much easier and more
rapid analysis. TIMS analyses are done using
positive (PTIMS) or negative ions (NTIMS), the
pros and cons of which are described in the spe-
cialized literature cited. TIMS analysis yields a
typical uncertainty (2c) of 0.4-0.6%o0, whereas
ICP-MS analysis has an (26) uncertainty of 0.2—
0.3%o (c.f. Foster et al. 2013).

5.2 Micro-analytical Methods

The development of micro-analytical tools for
analyzing stable isotopes began in the late 1980s
and continues today, with both the spatial reso-
lution and precision of the analyses improving.
Micro-analytical methods have used two differ-
ent techniques to extract and analyse samples:
laser ablation followed by gas-source isotope
ratio mass spectrometry or inductively-coupled-
plasma mass spectrometry (ICP-MS, including
triple quadrapole ICP-MS—ICP-QQQ-MS), and
secondary-ion mass spectrometry (SIMS) utilis-
ing a focused ion beam of oxygen or cesium. The
two techniques have both advantages and dis-
advantages. Laser-based systems tend to provide
faster and less expensive analyses, but the anal-
yses can have lower spatial and analytical pre-
cision and are relatively destructive. In contrast,
secondary-ion mass spectrometry is slower and
more expensive, but it can have better spatial and
analytical precision, greater sensitivity, and is
much less destructive, which can be important if
multiple analyses are to be carried out of the
same points.

5.2.1 Laser Heating and Laser Ablation

Lasers can be used in two distinct ways for iso-
tope analysis — either for heating a small and
localized sample, or for direct ablation. Isotope
analysis by laser heating gas source isotope ratio
mass spectrometry involves laser heating of a
sample with an oxidant (O,, or F,) in a reaction
chamber prior to purification of the product gas
(O,, SO, or SF¢: Elsenheimer and Valley 1992;
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Sharp 1990; Beaudoin and Taylor 1994) using
cryogenic or chromatographic techniques, and
measurement of the stable isotope composition
by gas-source mass spectrometry. The advantage
of the laser for heating is that localized heating of
the sample can be effected without involving the
container (crucible); hence blanks can be limited
allowing smaller samples to be analysed. One of
the first uses of laser heating for microanalysis
was to determine 8'%0 and §**S from silicate and
sulfide minerals. Small crystals or small aliquots
of powders are laser-heated using typically a Nd:
YAG or CO, laser in a F, or BrFs (or CIF;)
atmosphere for oxygen analysis, or additionally
with an O, atmosphere for sulfur analysis (Crowe
et al. 1990; Kelley and Fallick 1990; Sharp 1990;
Elsenheimer and Valley 1992; Akagi et al. 1993;
Beaudoin and Taylor 1994).

Laser ablation, which can occur in both reac-
tive and inert atmospheres, typically produces a
crater 50-200 um in diameter, depending on the
mineral being ablated and laser power and focus.
The depth of the pit is typically of a similar
dimension. Reaction of the ablated mineral with a
reactive atmosphere produces SO, (sulfide min-
eral in O, atmosphere), SF¢ (sulfide mineral in F,,
BrF5 atmosphere) or O, (silicate or oxide mineral
in BrF5 atmosphere). In some systems the product
gas is then cleaned offline and, in the case of
oxygen, converted into CO, before analysis. In
other systems, the product gas is automatically
cleaned cryogenically or by gas chromatography
and then directly introduced into the mass spec-
trometer for analysis. Laser ablation and a reac-
tive atmosphere produces a reproducible, but
mineral- and laboratory-dependent, fractionation
effect that has to be corrected to produce final
results. The typical external (2c) errors associated
with laser ablation are typically 0.2-0.4%o for
5°*S and 0.2-0.6%. for §'*0.

Laser ablation in an inert atmosphere has
supplanted that in a reactive atmosphere. In this
method ablation products are introduced directly
into a (multi-collector) inductively coupled
plasma mass spectrometer with a carrier gas
(commonly He and/or Ar) (Mason et al. 2006;
Bendall et al. 2006). These methods typically
produce external errors (206) of 0.3—0.6%eo.
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Boron analysis using laser-ablation ICPMS
has advantages of greater speed than SIMS and
more flexibility in that it places lower demands
on surface quality and is less strictly dependent
on matrix-matched reference materials (but see
Mikova et al., 2014). Studies report a similar
level of external uncertainty as for SIMS (1%o at
2c). The main disadvantage, however, is the
larger spot size and deeper penetration depth of
the laser compared to the ion beam. In many
cases a larger spot size is required as a greater
volume of material is required for analysis if the
boron concentrations are low.

5.2.2 Secondary lon Mass
Spectrometry

SIMS uses a focused ion beam, e.g. O~ or Cs*, to
ablate the sample. The interaction of the primary
ion beam (10-20 keV) with the target leads to
secondary ionization. The probability of ioniza-
tion is element specific, with metals producing
positive secondary ions with O™ primary ion
beam, and non-metals being ionized to negative
secondary ions with a Cs* ion beam. The
chemistry of the ion beam also aids in ionization
with electronegative oxygen producing strong
electropositive element secondary ion beams and
electropositive cesium producing strong elec-
tronegative element secondary ion beams (Ire-
land 1995). As such, SIMS differs from LA in
that an ion beam is produced directly from the
target. This makes it a sensitive technique, but
also strongly matrix dependent and so mineral
standards of close composition to the target
minerals are required.

SIMS was initially developed in geochemistry
in an attempt to measure trace element abun-
dances that were inaccessible by electron beam
techniques in the 1960s. The capability to
examine radiogenic isotope systems was not
developed until the SHRIMP ion microprobes
when the combined issues of transmission (sen-
sitivity) and high mass resolution were addres-
sed. While stable isotope analysis does not
require high sensitivity or high mass resolution,
the low transmission of early instruments led to
variable measured isotope compositions simply
because of differences in ion paths through the
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instruments (Shimizu and Hart 1982). SIMS has
also been applied to measuring stable isotopes
including those of hydrogen, boron, carbon,
oxygen, and sulfur. As such, early analyses suf-
fered from reproducibility at a level of greater
than one permil for oxygen and sulfur isotope
systems (Valley and Graham 1991; Eldridge
et al. 1987). Subsequent developments have led
to much higher reproducibility with external
uncertainties (2o) of 0.3%o for 3180 analyses
(e.g. Kita et al. 2009) and 0.3%o for 8**S analyses
(e.g. Paterson et al. 1997; Kita et al. 2010).
Moreover, recent developments have allowed
analysis of all isotope ratios in both the oxygen
(e.g. 8"70 and 8'%0) and sulfur (8**S, §**S and
3°S) isotope systems with similar uncertainties
(Ireland et al. 2014).

A key aspect in stable isotope analysis is the
development of multiple collection whereby all
isotopes are measured at the same time thereby
cancelling the uncertainty associated with the
primary ion beam noise. This is now the standard
methodology for large sector ion microprobes.
For 8'80 measurements, sufficient 80~ is pro-
duced for analysis of both '®0~ and '°0” in
Faraday cup multiple collection mode. Similarly,
for sulfur, 325, 338, and **S can be measured by
Faraday cups. However, the low abundance *°S
cannot be measured with the Faraday cups using
high-ohmic resistors because of the Johnson
noise associated with the circuitry. Measure-
ments of >°S can use either an ion counter, or
Faraday cup electrometers using charge mode
(accumulation of charge across a capacitor).
Precision for in situ analysis of A*’S can be
better than 0.1 %o while A%°S measurements by
electron multiplier are around 1 %o (20)
(Whitehouse 2013) and around 0.4 %o (20) by
charge mode (Ireland et al. 2014).

While the large sector ion microprobes are
used to pursue highest precision stable isotope
analyses, the nanoscale-SIMS offers high spatial
resolution analysis. A typical “spot” for high
precision stable isotope analysis is typically 10—
30 um, which allows sufficient material to be
sampled to give sufficient ions for the required
counting precisions. However, the purpose of the
nanoscale-SIMS is to analyse targets at the
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100 nm scale. At this sampling scale, only major
isotopes can be measured to high precision.

Boron analysis by magnet-sector SIMS is
commonly done with instruments set for mono-
collection and mass-switching between '' and
198 but multi-collection SIMS is routinely used
in some installations of the large-geometry
instruments. The external uncertainty obtained
by mono-collection SIMS is typically between 1
and 2%o (20), whereas multi-collection of the
two isotopes can reduce this uncertainty by about
half. Those values refer to “high-concentration”
samples like tourmaline, which can contain per-
cent levels of B. For low-concentration samples,
often with less than 20 ppm B, the analytical
precision may be limited by counting statistics.
For example, large-geometry SIMS instruments
have achieved precision of about 3%o for samples
with 1 ppm B (Foster et al. 2018).

An important, and for some applications
limiting, issue for all SIMS analysis is the need
for matrix-matched reference materials that are
homogeneous on the micron scale or better. Such
are available and internationally distributed for
only a limited number of geologically relevant
materials for stable isotope analysis. These
include glass, tourmaline, carbonates, silicates/
oxides and sulfides; these are primarily standards
for mass-dependent fractionation. Further devel-
opment is required for minor isotope abundances
(e.g. for A*S and A’°S), boron isotope mea-
surements at low levels, as well as a wider range
of minerals relevant to ore deposits.

6 Processes That Fractionate Light
Stable Isotopes

Fundamentally, fractionation of light stable iso-
topes is the result of small differences in transla-
tional, rotational and vibrational motions of bonds
within the respective phases. Although itis beyond
the scope of this review (see Kieffer 1982 for more
details), bonds involving heavier isotopes are
marginally stronger than bonds involving lighter
isotopes of the same element. This effect is
strongly dependent upon the relative mass differ-
ence (RMD =(AMy - AM)/AM;, where
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AMy = atomic mass of heavy isotope and
AM; = atomic mass of light isotope) between
isotope pairs: the effect is much stronger between
hydrogen (‘H) and deuterium (*H) (RMD ~ ((2—
1)/1) = 1) than between isotopes of heavier iso-
topes (e.g. 'S and *?S; RMD ~ (34-32)/
32 = 0.0625). Hence, isotope fractionation in the
hydrogen system is much greater than that in the
boron, carbon, oxygen and sulfur systems, in the
absence of kinematic and biologic processes (C,
S), and fractionations in light isotope systems are
greater than fractionations in stable metal systems
(e.g. Fe, Cuand Zn: Lobato etal. 2023; Mathur and
Zhao 2023; Wilkinson 2023).

All geochemical processes involve some iso-
tope fractionation, although for heavy elements
(e.g. Pb, U), this effect is generally not measur-
able. The amount of fractionation depends not
only on relative mass differences, but also on the
type of geochemical reaction and the temperature
at which the reaction occurs. For most stable
isotope systems, the magnitude of isotope frac-
tionation decreases with increasing temperature
(Fig. 1), with mass dependent fractionation
functions (except hydrogen) generally having the
form:

1000Inop_5( Aa_g) = A/T? x 10°+ B/T
x 10°+ C

(9)
where T is temperature in Kelvin and A, B and C
are experimentally- or theoretically-determined
constants. This temperature dependence of iso-
tope fractionation between minerals can be used
to estimate paleotemperatures of mineral deposi-
tion (see below).

Most geochemical reactions can be divided
into two general groups: those reactions that do
not involve electron exchange, and those that do
(redox reactions). In general, redox reactions
involve much larger isotope fractionations. For
example, A**S at 300 °C for the reaction
between sphalerite and aqueous H,S, which is
not a redox reaction, is 1.5%o, whereas A**S at
300 °C for the reaction between anhydrite and
aqueous H,S, which is a redox reaction, is
22.0%o (calculated using Alpha-Delta (Beaudoin
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Fig. 1 Temperature versus 1000 In o diagrams for the
(A) hydrogen (1000 In Omineral-H20 (1)), (B) carbon (1000
In Xmineral-CO2 (aq))a (C) oxygen (1000 In Omineral-H20 (1))
and (D) sulfur (1000 In oiyinerar-2s (aq)) 10tOpe Systems.
For some systems, fractionation curves are also shown for
dissolved species. Updated from Taylor (1979) and
Ohmoto and Rye (1979). For hydrogen, isotope data of
Taylor (1979: biotite and muscovite), Chacko et al. (1999:
epidote curve a (300-600 °C)), Graham et al. (1980:
epidote curve b (150-300 °C)), Gilg and Sheppard (1996:
kaolinite) and Horita and Wesolowski (1994: H,O vapor)
were used. For carbon, isotope data of Ohmoto and Rye

and Therrien 2009); most fractionation factors
discussed below are calculated similarly).
Moreover, redox reactions include some reac-
tions, such as disproportionation, and photolytic
and biogenic reactions, that are characterized by
distinctive isotope effects, and at low tempera-
tures (<250-300 °C), kinetic effects can strongly
effect isotope fractionation.

(1979) were used. For oxygen, isotope data of Cole and
Ripley (1998: chlorite), Sharp et al. (2016: quartz), Zheng
(1993a: almandine, diopside and K-feldspar), Zheng
(1993b: biotite, epidote, kaolinite and muscovite), Zheng
(1999: anhydrite and calcite), and Zheng and Simon
(1991: hematite and magnetite) were used. For sulfur,
isotope data of Eldridge et al. (2016: SO, (aq) and S0,%
(aq)), Li and Liu (2006: bornite, chalcopyrite, galena,
pyrrhotite andsphalerite), and Ohmoto and Rye (1979:
sulfate minerals (anhydrite, gypsum, barite, strontianite
and alunite) and pyrite), were used

Reactions Not Involving
Reduction or Oxidation

6.1

Reactions that do not involve electron exchange
are many and varied, but the most important
reactions in mineral systems (and geological
systems in general) involve the transition
between liquid and solid. In some systems (e.g.
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involving H and O) the transition between liquid
and gas is also important.

The simplest reactions involve a physical
phase change without a compositional change.
Examples include boiling of pure water, con-
densation of steam or the recrystallization of
aragonite to form calcite. Although these reac-
tions involve changes in physical parameters
such as density, the chemical composition of the
reactants and products do not change. However,
the isotope composition does change: Algoliquid_
vapour fOr boiling or evaporation of pure H,O is
2.5%o at 200 °C.

Although phase changes are important for
some mineralising processes (e.g. boiling in
some epithermal systems), by far the most
important processes in mineral systems involve
dissolution or melting in, or precipitation of
minerals from, aqueous fluids or magmas. Pro-
cesses whereby ore metals and other components
are extracted from source rocks into a trans-
porting media generally involve either melting of
rocks to form a metal-bearing magma or water—
rock reaction to form a metal-bearing aqueous
fluid. In contrast, processes whereby metal is
extracted from the melts or hydrothermal fluids
to form mineral deposits generally involve pre-
cipitation or crystallization of ore and gangue
minerals from these fluids. Isotope data can be
very useful in tracing these processes. A third
type of chemical reaction involves changing the
speciation and complexing of components within
hydrothermal fluids. This type of reaction may
not be observable in rock chemistry, but in some
cases, it can result in isotope fractionation. The
last group of processes involves the formation of
two immiscible fluids from an original fluid.
Examples include the exsolution of an immisci-
ble sulfide melt from a parent silicate magma or
the exsolution of an aqueous magmatic-
hydrothermal fluid during crystallization of a
silicate magma.

As the exsolution of a magmatic-
hydrothermal fluid from a crystallising magma
occurs at magmatic temperature (700—1000 °C:
Burnham 1979), and oxygen isotope fractiona-
tion at these temperatures is small, the inferred
oxygen isotope composition of the magmatic-
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hydrothermal fluid (5.5-10.0%0: Taylor 1979)
overlaps with that of igneous rocks (5.5-11.0%eo:
Taylor and Sheppard 1986).

The reaction of hydrothermal fluids with rocks
causes significant changes to the mineralogy and
chemical and isotope composition of the rock
and of the fluid, as a function of temperature and
atomic water/rock ratios. This process of
hydrothermal alteration is dominated by hydrol-
ysis. Many alteration minerals (e.g. sericite,
chlorite, epidote and others), which are enriched
in H;O or OH  relative to the rock-forming
minerals they have replaced, are the product of
hydrolytic reactions in which water has been
added to the rock. Tourmaline is a special case in
this regard because it is not only a hydrous
mineral but it is commonly the only mineral sink
for boron in alteration assemblages. If the
fluid/rock ratio is high (as is generally the case
for pervasive alteration assemblages), the isotope
composition of the altered rock is determined by
that of the altering fluid. In these cases, the iso-
tope composition of the altering fluid can be
estimated from the isotope composition of the
altered rock, and, in some cases, the source of
this fluid can be inferred.

The last non-redox process that affects isotope
characteristics in geological systems is mixing
between components with differing isotope
compositions that does not involve redox reac-
tion. Mixing can result in significant gradients in
isotope ratios, which can be used to identify and
map this process (see below). This process
commonly is an important mechanism of ore
deposition, with important applications for min-
eral exploration.

6.2 Redox Reactions

Many elements involved in chemical reactions in
geological systems exist in multiple valence
states. In mineral systems the most important
multivalent elements are Fe (Fe’, Fe** and Fe**),
S (877, 8% S** and S°*) and C (C*, C°, C*.
Many of the reaction types discussed above can
involve changes in valency and if so, they are
considered redox reactions. An important
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characteristic of most redox reactions is that
while one element is reduced (i.e. gained elec-
trons) during the reaction, another must be oxi-
dized (i.e. lost electrons). Redox reactions
generally involve strong isotope fractionation,
because of the equilibrium between the reduced
species forming lower bond energy compounds
(e.g. H,S, CH,) with higher bond energy in
oxidized compounds (e.g. SO4, CO,). Hence,
large variations in isotope ratios can be an indi-
cator of redox reactions, particularly those
involving S, C and Fe (the importance of redox
in Fe isotope fractionation is discussed by Lobato
et al. 2023).

Figure 2a illustrates the variations in A**Sips.
fAuia @s a function of pH and fo, (i.e. redox) at a
temperature of 250 °C. Although current frac-
tionation data indicate no significant gradients
are present as a function of pH, there is a strong
gradient in A3 4SH25_ﬂuid just below the boundary
between the hematite and pyrite stability fields
(c.f., Ohmoto 1972). This gradient reflects the
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relative abundance of reduced S (H,S and HS )
and oxidized S (H,SO,, HSO, and SO,*)
species, which is a reflection of the oxidation
state of the system (i.e. ZSO4/ZH,S, fo, and fi).
Hence, if a large gradient in 8°*S exists either in
space or time (i.e. paragenesis), this gradient
could indicate the presence of redox reactions
involving S species, particularly if accompanied
by changes in Fe-S—O mineralogy.

Ohmoto (1972) indicated that carbon isotopes
can experience shifts as a consequence of redox
reactions involving graphite and carbonate min-
erals. Figure 2b shows variations in A13CH2CO3_
fluid as a function of fo, and pH at 250 °C. There
is a strong gradient in A"Cioco3.uia that cor-
responds to the conversion of the C*~ to C** in
the lower part of the pyrite field. Hence gradients
in 3'°C may indicate redox processes, although
other geological processes (e.g. mixing) can also
produce gradients.

Although Fig. 2 shows variations at 250 °C at
specific conditions (details in caption), the
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Fig. 2 Variations in (A) A34SHZSfﬂuid and (B) AIBCHzco}
fia as a function of redox (fo,) and pH at 250 °C. These
diagrams are updated from the original diagrams in
Ohmoto (1972) using updated thermodynamic and iso-
tope fractionation data (Ohmoto and Rye 1979; Eldridge

et al. 2016). The diagrams were calculated for a fluid with
5% dissolved NaCl, 10 m S (~320 ppm S) and 1 m
2C (~120 ppm C) taking into account activity coeffi-
cients and ion pairing
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morphology of the diagram is retained for most
hydrothermal conditions. For example, the gra-
dient in A® 4Sst_ﬂuid near the upper margin of the
pyrite field is retained at higher and lower tem-
perature. Increasing the total sulfur content of the
fluid expands the pyrite and, to a lesser extent,
the pyrrhotite fields, but the sulfur isotope gra-
dient is retained. Similarly, the gradient in
A13CH2CO3_ﬂuid also occurs near the bottom of the
pyrite field and overlaps the graphite field under
most hydrothermal temperatures.

Mixing of fluids with different redox charac-
teristics can induce redox reactions and isotope
fractionation. A good example of this is the
mixing of relatively reduced H,S-rich vapor
generated by boiling of epithermal fluids into
oxidized groundwater. As the gaseous H,S is
dissolved into groundwater, it is oxidized, pro-
ducing sulfuric acid, which extensively alters
rocks to aluminous assemblages (Simmons et al.
2005). In addition to the common hydrolytic,
precipitation and mixing reactions, there are
several special types of redox reactions that can
have distinctive isotope effects, including dis-
proportionation, photolytic and biologically-
mediated reactions. In addition, many redox
reactions are strongly affected by the speed, or
kinetics, of reaction, which decreases as tem-
perature decreases.

6.2.1 Disproportionation Reactions

Disproportionation reactions involve a reactant
with intermediate valency producing products of
higher valency and lower valency together.
Unlike other redox reactions, disproportionation
reactions do not necessarily involve valency
changes to other chemical components during the
reaction. The best example of such a reaction in
mineral systems is the disproportionation of SO,:

4SO, + 4H,0 = H,S + 3H,SO4  (10)
The most important role of SO, disproportiona-
tion in mineral systems is during the evolution of
magmatic-hydrothermal fluids from moderately
oxidized magmas. This reaction, which causes
aluminous alteration due to the production of

sulfuric acid, can produce distinctive isotope
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effects: in many porphyry systems in which this
process is important, A34S5u1fate_su1ﬁde ~ 5-20%o
(mostly 7-18%o: Rye 2005; Seal 2006). Hence,
isotope fractionation can be indicative that this
(and other) processes have occurred in a mineral
system.

6.2.2 Mass-Independent Fractionation
and Photolytic SO,
Dissociation

For most reactions involving elements with three
or more isotopes, fractionation between isotopes
is “mass-dependent', that is the fractionation
between isotopes is dependent on relative mass
differences. In most cases 8''O = 0.525-
0.528 x 3'%0 (Young et al. 2002; Pack and
Herwartz 2014; Sharp et al. 2016), and 5°°S =
0.515 x 8°*S (Fig. 3a; Hulston and Thode
1965; Johnston 2011). Clayton et al. (1973,
1977), however, found that for O isotope frac-
tionation within carbonaceous chondritic mete-
orites, the mass-dependent relationship did not
hold. Subsequent studies have established this
for anhydrous minerals from carbonaceous
chondrites as well, where 870 = 0.941 x 830
- 4.00 (Clayton 2003). Although it is beyond the
scope of this contribution,4 these meteoritic
effects identified “mass-independent” isotope
fractionation (MIF) for the first time (Ireland
2012). Subsequent studies found that the forma-
tion of ozone (Heidenreich and Thiemens 1986;
Mauersberger 1987) and the photolytic dissoci-
ation of gaseous SO, (Farquhar et al. 2001) also
involved MIF although it remains to be seen
whether the MIF associated with ozone frac-
tionation is related in any way to the '°O vari-
ability in meteorites.

Photolytic dissociation of SO, and other S-
bearing gases in the ancient (i.e. pre 2400 Ma)
atmosphere was controlled by two factors, the
abundance of the gas, and the shielding effects of
other gas molecules (e.g. O, and O3) present in
the atmosphere (Farquhar et al. 2000; Lyons
2007; Ueno et al. 2009). The most important
factor is likely shielding by O, and Os, which

4 See Clayton 2003 for more details and processes that
cause fractionation in meteorites.
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Fig. 3 Diagrams (modified after Farquhar et al. 2000)
showing mass-independent  fractionation in the
345.335.323 isotope system. (A) 5°*S versus &°°S diagram
showing mass-dependent fractionation (heavy line with
A33S value of 0.0%0), mass-independent fractionation
reflected as light lines with variable A**S values, and
analyses of syn-depositional sulfide and sulfate minerals
from > 3.0 Ga sedimentary rocks. (B) Variations in A*S
of syn-sedimentary sulfur-bearing minerals with

absorbs ultraviolet wavelengths of light thought
to induce photolytic dissociation of SO, (Far-
quhar et al. 2001). As the concentration of free
O, (and O;) gas in the atmosphere prior to the
Great Oxidation Event at ~ 2.42 Ga is thought
to have been less than 1 ppm (Catling 2014),
there would have been little shielding and pho-
tolytic dissociation of SO, would have been
pronounced (Farquhar et al. 2001). In contrast,
the increased shielding of O, (and Os) and/or a
decreased concentration of SO, in an oxygenated
atmosphere after the Great Oxidation Event
would have caused photolytic dissociation of
atmospheric SO,, and the mass-independent
effects of this reaction, to cease.
Mass-independent fractionation in the S iso-
tope system is measured by the deviation from

geological time. For the purpose this diagram syn-
sedimentary minerals includes both syn-depositional and
early diagenetic minerals. The gray bar in B encompasses
the mean £ one standard deviations of 73 younger
(<2.09 Ga) samples. The diagrams shown are the first
documenting mass independent fractionation of sulfur
isotopes from syn-sedimentary minerals; the data avail-
able have expanded by orders of magnitude since the
initial study of Farquhar et al. (2000)

mass-dependent fractionation. For 338, this
deviation is measured by A*’S (Eq. 7). As the
products (and isotope characteristics) of pho-
tolytic SO, dissociations in the atmosphere can
be “rained out” into the hydrosphere, sedimen-
tary and diagenetic S-bearing minerals may
inherit the photolytic isotope signature. As
shown in Fig. 3b, prior to the Great Oxidation
Event, A**S of syn-depositional or diagenetic S-
bearing minerals is highly variable, with sulfide
minerals (mostly pyrite) having mostly positive
A®S values and sulfate minerals having negative
A®S values (cf. Farquhar et al. 2000). This mass-
independent fractionation effect is powerful as it
can be used to identify S that was present in the
atmosphere and hydrosphere during the Archean
and trace it through subsequent geological cycles
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including tectonic and mineral systems, because
it is indelible in younger mass-fractionation
processes (LaFlamme et al. 2018a). Examples
of how this technique has been used to identify
sulfur sources and infer tectonic processes related
to ore formation are discussed below.

6.2.3 Kinetic Effects, Thermochemical

Sulfate Reduction

and Biochemical Sulfate

Reduction
Whereas most geochemical reactions occur very
rapidly, redox reactions, involving the exchange
of electrons, require significant time to occur,
particularly at low temperatures (< 200 °C).
Ohmoto and Lasaga (1982) were among the first
to determine experimentally the rates of redox
reactions between aqueous sulfate and aqueous
sulfide. They found that at the pH conditions of
most hydrothermal systems (4—7) thermochemi-
cal sulfate reduction to sulfide involved an
intermediate thiosulfate species, and the rate at
which thiosulfate formed was the rate-limiting
step. Based upon this model they suggested that
thermochemical sulfate reduction is an important
hydrothermal process only at temperatures above
200 °C.

Subsequent studies have indicated that ther-
mochemical sulfate reduction can be important at
temperatures as low as 100-140 °C (Goldhaber
and Orr 1995; Machel 2001; Thom and Ander-
son 2008), particularly when catalysed by the
presence of H,S, certain reactive metals (e.g. Ni,
Co, Mn, Cu, Fe, Mg) and organic molecules
(Machel 2001; Meshoulan et al. 2016). The iso-
tope effects of thermochemical sulfate reduction
depend not only on temperature, but also upon
the availability of sulfate. In systems with excess
sulfate the kinetic A 4ssu1fme_sulﬁde increases with
decreasing temperature, from ~ 10%o at 200 °C
to ~ 20%0 at 100 °C (Machel et al. 1995;
Meshoulan et al. 2016; and references therein).
However, if the supply of sulfate is limited, or if
the rate of sulfate supply is less than that of
sulfate reduction, all sulfate is reduced to sulfide
and 5°*S of the resulting sulfide (either as H,S in
sour gas or as sulfide minerals) approximates the
33'S value of the original sulfate (Machel et al.
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1995). Hence, the absence of significant frac-
tionation between reactant sulfate and product
sulfide may indicate limited availability of sulfate
in a mineral system.

At lower temperatures (< 100 °C), biochemi-
cal sulfate reduction can be an important process
to produce H,S (Goldhaber and Orr 1995;
Machel 2001). Due to its importance in a range
of ecological and geological processes, including
diagenesis, ore formation and sour gas formation,
bacterial sulfate reduction has been extensively
studied over the last three decades, and the
geochemical and isotope effects of this process
are well known. At present, sixty genera and over
220 species of sulfur-reducing bacteria are
known (Barton and Fauque 2009), and kinetic
sulfur isotope fractionation factors have been
determined for 32 of these species, covering a
large range of environments from freshwater and
marine muds, salt lakes, arctic sediments, and
hydrothermal environments. Detmers et al.
(2001) reported experimental kinetic A® 4ssu1fa[e_
sulfide Values of 2.0-42.0%o, and sulfate reduction
rates of 0.9-434 fmole/cell/day.” These workers
noted no correlation between A**Syifae_sulfide and
reduction rates, but found that the largest frac-
tionations were associated with bacteria that
completely oxidized electron-donor carbon to
CO,, whereas bacteria that only partially oxidize
the carbon (to acetate) produce lower fractiona-
tion factors. The four largest fractionation factors
(28.5-42.0%0) were produced by bacteria iso-
lated from marine muds (Detmers et al. 2001).
When both thermochemical and biochemical
sulfate reduction processes are considered, the
most extreme fractionations are associated with
biochemical sulfate reduction, which Machel
et al. (1995) highlighted as one that can be used
to distinguish thermochemical (10-20%o) from
biochemical sulfate reduction (15-60%o).

In addition, biochemical sulfate reduction
appears to have mass-independent fractionation
effects, as shown in Fig. 4. This fractionation,
which has A*°S/A*S ~ -7, was interpreted by
Johnston (2011) to indicate biogenic sulfate
reduction. This contrasts with the mass-

51 fmole (femtomole) = 107> mol.
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Fig. 4 S isotopic fractionations as measured in situ on
the ion microprobe SHRIMP SI. A**S and A*®S are the
residuals in **$/*2S and *°S/*?S after correction for mass-
dependent fractionation (as expressed by >*S/*2S). Of
particular significance is the resolution of the Biogeo-
chemical Array (slope -7) from the Archean array (slope -

independent fractionation signal associated with
Archean photolytic dissociation which has
A3S/A*3S ~ -1. Moreover, biogenic mass-
independent fractionation is present in Phanero-
zoic rocks.

Biochemical (bacterial) reduction can also
produce significant fractionation in the carbon
isotope system. Reduction of acetate and CO, to
form CH,; produces significant, but variable
fractionation (A13Cco2_CH4) of up to 95%o
(Whiticar 1999), with typical fractionation
between 25%o and 60%o (Conrad 2005). Kennedy
et al. (2010) found that carbon associated with
bacteriogenic iron oxides was depleted in '>C by
up to 22%o, with the greater depletion present in
samples more highly enriched in organic carbon.
Like biochemical sulfate reduction, the fraction-
ation appears to be highly dependent upon the
environment and it is likely to be also dependent
upon the species of micro-organism involved.

0 1 2 3

A33S (%)

1) which both can have subpermil anomalies in *>S.
Previously, the presence of A**S anomalies alone has
been used as a life signal, but in the Proterozoic with
potential for Archean inheritance, a complete 4-isotope
sulfur analysis is required to understand the origin of the
sulfur

6.3 Open- and Closed System
Fractionation Between
Isotope Reservoirs

Many  geological  processes, particularly
devolatilization and degassing, involve the
interaction of two distinct geochemical reser-
voirs. Isotope fractionation between these reser-
voirs can be modelled using two end-member
processes: closed-system, or batch, fractionation,
and open-system, or Rayleigh, fractionation. In
closed-system fractionation, the two reservoirs
are continuously in isotope equilibrium, whereas
in open-system fractionation, aliquots of one
reservoir are removed and isolated and do not
interact with the other reservoir. Batch, or closed-
system fractionation (Nabalek et al. 1984) can be
modelled according to the relation:

(SB‘f — 53‘1 = —(1 — F)IOOO In OA—B (11)
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Rayleigh, or open-system, fractionation
(Broecker and Oversby 1971) can be modelled
according to:

dps — dp; = 1000 (F“‘H*1> - 1) (12)
where g is the final isotope composition of
reservoir B, g ; is the initial isotope composition
of reservoir B, and F is the fraction of reservoir B
remaining.

Taylor (1986a) provided a good illustration of
the differences between closed- and open-system
hydrogen isotope fractionation during the
degassing of a magmatic vapor from a magma
(Fig. 5). In closed systems (curves a and b)
where the vapor remains in contact and in isotope

-40 | e

8Dgpow (%eo)

00 02 04

Fraction H,O remaining

Fig. 5 Hydrogen isotope shifts in magmatic vapor and
magma in hypothetical models of closed-system (batch)
degassing (curves a and b), and open-system (Rayleigh)
degassing (curves ¢ and d; curve e indicates the accumu-
lated magmatic vapor). The solid lines indicate modelled
composition of the residual magma, and the dashed lines

D. L. Huston et al.

equilibrium with the melt, dD of both reservoirs
decrease uniformly as the vapor evolves from the
melt. If all hydrogen is extracted into the vapor,
the final 6D of the vapor is identical to that of the
original magma.

In contrast, open-system fractionation (curves
¢ and d) involves continuous removal and iso-
lation of aliqots of evolved vapor from the
magma, with the aliquots equilibrating with the
magma only prior to removal. As a conse-
quence, the 8D characteristics of the magma
and evolved vapor decrease dramatically as the
amount of H,O remaining in the magma
(F) decreases (Taylor 1986a). Individual ali-
quots of vapor produced during open-system
magma degassing can have dramatically lighter

e Initial magma
composition

10 20

H,0 (%)

06 08 10

indicated with modelled composition of the evolved
vapor. The initial magma had J&D =-50%. and
[H,0] = 1.9%; a value for 1000 In oyapor-meic Of 20%o
was used. Reproduced with permission from Taylor
(1986a); Copyright 1986 Mineralogical Society of
America
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Fig. 6 Rayleigh fractionation model to explain boron
isotope zoning in tourmaline from the Teremkyn gold
deposit, Darasun district, eastern Russia (modified after
Baksheev et al. 2015). The initial boron (12%0) is

dD than fluids produced during closed-system
degassing, particularly as degassing proceeds
towards completion. However, the accumulated
vapor produced by open-system degassing has a
much more moderate evolution (curve e), not
dissimilar to that produced by closed-system
degassing.

Open- vs. closed-system fractionation has also
been demonstrated for the boron isotope system.
In this case, the fluid-vapor fractionation is
generally insignificant (only about 1 %o at 400°
C: Kowalski and Wunder 2018) but fluid-mineral
fractionation is strong owing to the contrasting
coordination environment of the boron ion in
aqueous fluid versus solid phases. Furthermore,
in the case of tourmaline or other B-rich miner-
als, crystallization can strongly deplete the fluid
reservoir in boron, so that Rayleigh fractionation
is a common process. This was demonstrated in
controlled experiments by Marschall et al. (2009)
and Rayleigh fractionation has been invoked to
explain systematic core-rim isotope variations in
zoned tourmaline from hydrothermal ore deposits
in several studies (e.g., Baksheev et al. 2015,
Fig. 6).

interpreted to be granite-derived (i.e., stage I core) while
the composition of later tourmaline (stage I rim and stages
II to IV) reflects Rayleigh fractionation driven by
tourmaline crystallization (Baksheev et al. 2015)

7 Light Stable Isotope
Characteristics of Major
Geological Reservoirs

Ore fluids in mineral systems have a number of
different sources and they carry metals, sulfur,
carbon, boron, chlorine and other components
that have been sourced from many different
geochemical reservoirs. Stable isotope studies are
one of very few tools to determine these sources
as the reservoirs commonly (although not
always) have distinctive stable isotope signa-
tures. Figure 7 and Table 2 summarizes the iso-
tope characteristics of a range of natural
reservoirs. Figure 8a illustrates the characteristics
of different crustal fluids on a 8'®0 versus 3D
diagram, and Fig. 8b shows a similar plot of
5'"'B versus 8D used by Adlakha et al. (2017) to
distinguish fluid sources of the McArthur
River U deposit. Huston and Champion (2023),
Lobato et al. (2023), Mathur and Zhao (2023)
and Wilkinson (2023) discuss how radiogenic
lead isotopes and heavy stable metal isotopes can
be used to infer metal source.
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Fig. 7 Isotope characteristics
of major reservoirs for

(A) sulfur and (B) carbon -50
reservoirs (modified after

Ohmoto and Rye 1979), and A
(C) boron (derived from
Marschall and Jiang 2011,
deHoog and Savov 2018,
Trumbull and Slack 2018)
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Seawater is one of the major Earth reservoirs
and it plays a key role in metallogenetic models
for a range of stratiform ore deposit types.
Modern ocean water has H- and O-isotope
compositions identical to V-SMOW, and it is
thought to have been relatively uniform through
time, with ranges in 6D and 3180 of -25%o to 0%
and -3%o to 0%o, respectively, since the Archean
(Sheppard 1986). Seawater also has a uniform
and distinctly heavy boron isotope composition
(3"'"B ~ 40 %o) compared to all other Earth
reservoirs (Table 2), which allows to distinguish
marine and terrestrial provenance of boron in ore
fluids and the minerals derived from them (e.g.,
Xavier et al. 2008). The H- and O-isotope com-
position of seawater is also the fundamental basis
of the meteoric water line, an important reference
on plots of H- and O-isotope compositions

I-type granites
Altered oceanic crust

——

Seawater 4

(Fig. 8a). The meteoric water line (Craig 1961) is
defined by:

oD =85"%0 +10 (13)
The isotope composition of meteoric water is
governed by that of seawater and the tempera-
tures of seawater evaporation and precipitation
from clouds, both of which are related to latitude
and altitude. Lower values of 8D and §'%0 are
characteristic of higher latitude and altitude
(Sheppard 1986).

Traditionally, formation waters in sedimen-
tary basins were thought to be seawater or brine
entrained in sediments at the time of deposition
(i.e. connate waters), but subsequent work has
demonstrated that many (or most) formation
waters are meteoric waters that infiltrated into
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Table 2 Range in stable isotope values of the mantle and common upper-crustal sedimentary and igneous rocks

Reservoir | 8D 3'%0 3''B 31C 3*s
Upper —80%o to -50%o for 5.7 £ 03%0; 7.1 & 0.9 %o for ~ -5%o 0—1%o
mantle upper mantle; —46%o0 | 6.0-6.7%o for A MORB-source (based on
to —32%o for subduction- upper mantle mantle
subduction-modified modified xenolith
mantle mantle data;
overlaps
with
meteoritic
data)
Upper crustal sedimentary rocks
Psammitic = — 8—15%0 — — —70%o to
rocks 70%o
Pelitic —90%o to —40%o 13-20%o —13 to 4 %o for —30%o0 to —15%o
rocks pelagic clays, (reduced carbon)
continental
metapelites mostly
less than -10 %o
Limestone  — 25-35%o —5 to 26 %o for 0 £ 5%0
and chert marine carbonates,
mostly above 5; —12
to 8 for chert
Upper crustal igneous rocks
Felsic —130%o to —40%o (this = Mostly 6— —2 £ 5 %o, rarely —35%0 to —10%o Mostly -5%o
rocks range is interpreted to | 10%o below -8 %o for I- (reduced carbon; to 10%o, but
be the result of type rocks; -11 £ 4 | —10%o to 3%o total range
Rayleigh degasing, %o, rarely above -8 (oxidized carbon) from —20%o
with highest 0D values %o for S-type felsic to 25%o
associated with the rocks
least degased samples,
as indicated by whole-
rock H,O content)
Mafic —120%o to 0%o (total  4.9-8.0%0 —=7.1 £ 0.9 %o for —29.5%0 to =3.5%0 | —3.0%o to
rocks range); —85%o to fresh MORB, —2 to  (total range); —11%o0 | 2.5%0
—75%o (primary 17 %o for altered to —3.5%o for carbon | (tholeiites);
magmatic composition basalt, gabbro in extracted above 2.5%0—6.0%o
of oceanic basalt) ophiolites, =3 to =12 ' 600 °C (the most (alkali
%o for fresh OIB, likely magmatic basalts)

higher values if
seawater altered

range; most data
cluster near -5%o,)

Data from Ohmoto and Rye (1979), Kyser (1986), Taylor and Sheppard (1986), Hoefs (1997) and Marschall and Foster
(2018). In most cases metamorphosed rocks retain the isotope characteristics of their precursors (see text)

sedimentary basins subsequent to deposition and
diagenesis (Kharaka and Hanor 2003). Evidence
for this interpretation stems in part from isotope
arrays in 8'%0 versus 8D plots that trend toward
the meteoric water line and are consistent with
the composition of meteoric fluids at likely
recharge zones (see Kharaka and Hanor 2003 for
discussion). On the other hand, some basins
contain formation waters that are interpreted as

true connate waters. As these connate waters
were originally derived from seawater, their
isotope signature should reflect that of seawater
at the time of sedimentation (Sheppard 1986).
Figure 8a indicates that connate waters, includ-
ing evaporative brines, are characterized by 6D
and 8'®0 values somewhat lower and higher,
respectively, than modern seawater. These data
from Gulf coast basins in the United States
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(Kharaka and Hanor 2003, and references
therein), indicate a slight shift from oceanic
water, possibly due to equilibration with the host
rocks. Although limited, the data suggest that
connate fluids may have a distinctive 8D - §'%0
signature relative to meteoric water and other
crustal fluids. Marine-derived connate fluids
should also have a distinctive 8''B signature
relative to crustal fluids because of the uniquely
high 8''B value of seawater. This was used with
success in studies of B-isotopes in tourmaline
from U-deposits of the Athabasca Basin by
Mercadier et al. (2012) and Adlakha et al. (2017)
as shown on Fig. 8b.

The stable isotope composition of the upper
mantle and mafic igneous rocks derived from it are
thought to be relatively homogeneous, with

3"1B (%)

8C ~ -5%o, 8'°0 ~ 5.7 £ 0.3%0, 5*S ~ 0-
1%o (with A*®S, A**S ~ 0) and §''B ~ 7 £ 1 %o
(Table 2). The exception to this is where such
rocks are altered on the seafloor or, in the case of
arc settings, where the upper mantle is hydrated
from slab-released fluids. The homogeneity of
mantle-derived rocks contrasts with crustally-
derived rocks, which are more variable (Fig. 7)
due to the wider range of source components
involved and to the number of chemical processes
(metamorphism, melting, alteration and weather-
ing) which cause isotope fractionation, particu-
larly in the upper crust, atmosphere and
hydrosphere. For example, siliciclastic sedimen-
tary rocks have higher 8'®0 values than igneous
rocks from which they were derived due to frac-
tionation during low temperature erosion and
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chemical weathering. Sedimentary rocks also have
awide range in 8'3C and 8%*S values (Table 2) due
to biological processes and low-temperature, dis-
equilibrium fractionation as discussed above, and
their 5''B values depend on their marine or ter-
restrial provenance (Table 2). The O-isotope dis-
crimination of sedimentary versus igneous
(juvenile, arc-related) sources of granites is well
established (Taylor and Sheppard, 1986). Trum-
bull and Slack (2018) showed that the 3B com-
position of granites and related volcanic rocks also
reflects the S- and I- type source dichotomy (see
Table 2). The relatively heavy boron in I-type,
continental arc magmas (51 B from -10%o to 12%o,
average -2%o), relates ultimately to seawater
alteration of the sub-arc magma source, whereas
the lighter boron in S-types (8''B from -22%o to
0%o, average ~ -11%o0) is due to continental
(meta)sedimentary rocks in the source.

In cases where magmas were derived by
partial melting of hydrothermally altered rocks
(Muehlenbachs et al. 1974; Taylor 1986b), the
5'®0 signature shifts, commonly to lower values
as seen in igneous rocks from Iceland
(Muehlenbachs et al. 1974) and the Yellowstone
complex in Wyoming, USA (Friedman et al.
1974, Hildreth et al. 1984). Schmitt and Simon
(2004) attributed the same effect of hydrothermal
alteration of the magma source to explain 8''B
variations in volcanic rocks from the Long Val-
ley caldera.

7.1 The Effects of Metamorphism,
Metasomatism

and Devolatilization

Metamorphism of a rock can change its stable
isotope characteristics through two broad pro-
cesses, devolatilization or the influx of exoge-
neous fluids. Devolatilization is the generic
process whereby volatile components of a rock
are lost during prograde metamorphism and
includes dehydration, decarbonation and desul-
fidation. In some mineral systems, orogenic gold
systems, for example, metamorphic fluids pro-
duced by these processes are thought to be ore
fluids (e.g. Phillips and Groves 1983).

The most important devolatilization reaction
is dehydration. According to Wedepohl (1969a)
and Engel and Engel (1958b), the average water
content of pelitic rocks decreases up metamor-
phic grade from 5.0% in shales, to 2.96% in
phyllites and slates, to 2.41% in mica schists, to
2.02% in sillimanite gneisses, and to 0.62% in
transitional amphibolite-granulite facies semi-
pelitic rocks. On an atomic basis, metamorphic
dehydration will remove at most 10% of oxygen,
but up to 100% of the hydrogen if the process
goes to completion. As a consequence, the effect
on isotope composition is minor for oxygen (at
most an increase in 820 of 0.6%o: Valley 1986),
but can be significant for hydrogen (decreases in
dD of up to 16%o or 40%o, depending upon the
process of devolatilization assumed: Valley
1986). As the water content in sandstone and
igneous rocks is much lower than in pelitic rocks
(Wedepohl 1969a,b), the effect of metamorphism
on oxygen and hydrogen isotope characteristics
of these rocks is much less. Hence, for most
siliciclastic and igneous rocks, 530 of the
metamorphosed rock is similar that of the pro-
tolith, but 3D can significantly different.

Boron in clastic sedimentary rocks is hosted
mainly in clays and micas (Trumbull and Slack
2018) and the breakdown of these hydrous
minerals during metamorphism generally relea-
ses boron to the metamorphic fluid (Moran et al.,
1992). At the same time, the B-isotope fraction-
ation between sheet silicates and hydrous fluid
causes a progressive lowering of 8''B values in
the higher-grade rocks and the opposite effect for
the fluid phase. The situation changes if tour-
maline forms during metamorphism because it
has a high thermal stability and preserves the
boron content in the rock, and its B-isotope
composition, during prograde metamorphism
(Trumbull and Slack 2018).

Decarbonation reactions can cause significant
changes in both §'°C and 8'®0. Metamorphism
and devolatilization of marly carbonate rocks
commonly produces calc-silicate rocks contain-
ing wollastonite (after marly limestone) or
diopside (after marly dolostone). Both of these
reactions produce CO, as a product, which then
escapes. Valley (1986) summarized the isotope
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effects of contact metamorphism on carbonate
rocks, indicating isotope shifts of up to 14%o in
3'3C and 22%o in 8'®0, although these shifts
were spatially restricted to within 3 km of the
causative granite. These shifts in skarns and
marbles related to igneous intrusion require that
the magmatic-hydrothermal fluids present also
experienced significant isotope shifts during
decarbonation reactions.

During regional metamorphism, shifts in 3'*C
and 3'®0 are likely to be restricted. Valley
(1986) showed that steep isotope gradients are
present at the contacts between compositionally
and isotopically distinct units, whereas within
these units the isotope signature is uniform.
Based on this he suggested that regional meta-
morphism does not affect the isotope character-
istics of the protolith wunless significant,
channelized fluid flow occurred. However, under
situations involving the influx of isotopically
distinct exogeneous fluids, isotope shifts in oD,
313C and 8'®0 can occur. In contrast to the C, O
and H isotope systems, the variation of rock 8''B
values during prograde metamorphism can vary
strongly depending on the specific mineral
assemblage and reactions involved (Trumbull
and Slack 2018 and references therein).

Studies by Ferry (1981), Pitcairn et al. (2010),
Zhong et al. (2015) and Finch and Tomkins
(2017) have indicated that as temperatures
increase during regional and contact metamor-
phism, pre-existing pyrite converts to pyrrhotite
according to one or more of the following (or
similar) reactions:

2FeS; — 2FeS + S, (14)

2FeS,; + 2H,0 + C — 2FeS + 2H,S + CO,

(15)

2FeS; + 2FeOocx — 4FeS + O, (16)
The first two reactions are desulfidation reactions
in that sulfur is lost from the rock, but the last
reaction does not involve sulfur loss. The above
studies indicate that the metamorphic conversion

D. L. Huston et al.

of pyrite to pyrrhotite occurs over a temperature
range of 200 °C to 550 °C. Graphical analysis of
whole rock geochemical data by Ferry (1981)
suggested that reactions similar to (15) are the
most likely reactions for pyrite to pyrrhotite
conversion and require fluid influx from meta-
morphic dehydration reactions or from external
sources.

The isotope effects of pyrite breakdown dur-
ing prograde metamorphism are not well studied,
with the best example being a laser ablation
study by Alirezaei and Cameron (2001) who
found no statistically significant fractionation
between pyrite and pyrrhotite or between meta-
morphic zones. They interpreted these results to
indicate that the conversion of pyrite to pyrrhotite
involved uptake of iron from wall rocks (i.e.
reaction 16) rather than sulfur loss. However, at
temperatures of 300-450 °C, conditions where
the conversion of pyrite to pyrrhotite is greatest
(Feffy 1981)7 A345pyrite—H2S’ A348pyrrhotite—l—l2S and
A**S pyrite pyrhotice are 0.8—1.2%o, 0.2-0.3%o and
0.6-0.9%o, respectively. This suggests that 5°*S
variations caused by metamorphic desulfidation
are likely to be small, probably not recognizable
given the large variations in 8°*S that character-
ize sedimentary pyrite. Moreover, the isotope
composition of sulfur in metamorphic fluids is
likely to be similar to that of the rocks that evolve
the fluid.

Because primary metamorphic fluids cannot
be sampled at or near the Earth's surface, their
isotope composition has been inferred using the
isotope, mineralogical and chemical composition
of metamorphic rocks with estimates of frac-
tionation factors at the temperature range char-
acteristic of metamorphism. Due to the large
range in the isotope composition of the protoliths
and the range of metamorphic temperatures, the
inferred isotope field of metamorphic fluids is
large (Fig. 8). Despite this, metamorphic fluids
have distinctive isotope characteristics relative to
meteoric water, seawater and connate brines,
although they overlap with the field of magmatic
fluids.

The isotope composition of magmatic fluids
also has been estimated from the isotope and
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chemical composition of igneous rocks and
minerals, combined with crystallization temper-
atures and isotope fractionation factors (e.g.
Taylor 1979; Sheppard 1986). The resulting field
is large, although not as large as the metamorphic
fluid field, with which it largely overlaps. Unlike
metamorphic fluids, magmatic fluids have a dis-
tinctive isotope signature relative to other fluids
such as seawater, basinal brines and meteoric
waters present in the upper part of Earth's crust. It
must be stressed that the isotope fields shown in
Fig. 8 are for primary fluids. Reaction of these
fluids with rock has the potential to shift the
isotope composition of the fluid, particularly
under rock-dominated conditions.

8 Applications of Light Stable
Isotopes to Ore Genesis Studies
and Exploration

As discussed above, light stable isotopes frac-
tionate during a range of geological processes,
hence variations in stable isotope ratios can be
used to track these processes. Moreover, isotope
data can provide information as to the tempera-
tures and pressures at which mineral systems
evolve, and the sources of fluids. The following
section discusses how stable isotope data can be
used to constrain these processes and conditions
of ore formation. More importantly, it also dis-
cusses the limitations and ambiguities of some of
these constraints.

8.1 Geothermometry

and Geobarometry

Temperature, redox state, salinity and pH of the
ore fluid largely determine what metals can be
transported and how these metals can be depos-
ited. These parameters can be determined from
mineral assemblages, but also from fluid inclu-
sion and stable isotope data. Due to temperature-
dependent fractionation of stable isotopes
between minerals (Fig. 1), the temperature of
deposition can be estimated from A**S, A0 and
ABC data. However, use of these parameters for
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geothermometry makes several implicit assump-
tions: (1) the minerals precipitated at the same
time from an isotopically homogeneous fluid,
(2) the fractionation between minerals has not
been affected by later geological events, and
(3) isotope fractionation between minerals
occurred under equilibrium conditions. The first
two assumptions can be largely (but not entirely)
assessed by paragenetic studies, and at higher
temperatures (>300 °C), disequilibrium becomes
less important in most systems (see below).

Another factor that must be considered in
assessing isotope thermometers is the purity of
mineral separates analysed. Cross-contamination
of mineral separates results in temperature esti-
mates that are too high. For example, a hypo-
thetical fluid with 8'30 of 8.0%o will precipitate
quartz and magnetite with 8'®0 values of
17.4%0 and -1.5%0 at 250 °C, respectively,
giving a A0yt magnetite = 18.9%o. If the two
separates are cross-contaminated by 10% (based
on atomic oxygen), the impure quartz and
magnetite separates will have with 3'%0 values
of 15.5%0 and 0.4%o, respectively, giving a
A‘soqum_magneme = 15.1%o, which corresponds
to a temperature of 265 °C, which is 15 °C
higher than the hypothetical conditions. This
effect becomes stronger at higher temperature
and with greater cross contamination. Hence,
care must be taken to ensure sample purity, and
temperatures estimated from isotope mineral
pairs should be considered maximum tempera-
tures. In-situ techniques like SIMS can solve
many of the impurity issues, but at the cost of a
larger analytical uncertainty, which equates to a
larger temperature error.

If three or more minerals have been deposited
concurrently from an isotopically homogeneous
fluid, determining AX values for mineral pairs
can be used to assess the reliability of the isotope
thermometry. Determining 56X of three coexist-
ing minerals yields three separate AX and tem-
perature estimates, and if all three temperature
estimates are within error, greater confidence can
be placed in the overall temperature estimate. If
the temperatures differ, the mineral assemblage
may not have formed concurrently under equi-
librium conditions, or one or more minerals have



234

been affected by post-depositional disturbance,
or the mineral separates are not pure.

The uncertainties in stable isotope geother-
mometry depend on the relative uncertainties in
determining 0X. If the (25) uncertainties asso-
ciated with 8X for each mineral pair are similar,
the (25) uncertainty in AX is v2 x 205y; if the
uncertainties in 0X are dissimilar, the uncertainty
is AX is estimated by adding the individual
uncertainties in 86X in quadrature. This uncer-
tainty in AX is then used to estimate the uncer-
tainty in temperature. Note that the temperature
uncertainty is asymmetric, with the lower-
temperature uncertainty smaller than the higher-
temperature uncertainty. This is because the
intensity of fractionation in most stable isotope
systems decreases with increasing temperature.

Once a temperature estimate has been made, it
can be used to constrain other characteristics of
the mineral system. Possibly the most important
of these is the isotope characteristics of the ore
fluid, which is calculated from temperature-
dependent fluid-mineral fractionation factors. If
sufficient data are available, estimates of dDgyiqg,
SllBﬁuid’ SISCﬂuid’ 618Oﬂuid and 634Sﬁuid can be
made, which is very useful information for
determining fluid sources. Furthermore, isotope
temperature determinations can be combined
with fluid inclusion data to estimate the pressure
and, thereby, crustal depth at which mineraliza-
tion occurred. The pressure can be estimated
using the following equation:

Pi= Pyt (T~ Tu)(AP/AT)  (17)
where P, is the trapping (geological) pressure of
the fluid inclusion, P}, is the homogenization
pressure (determined from fluid composition and
Ty), Ty is the trapping (geological) temperature of
the fluids (determined from isotopic data as
described above or from another independent
geothermometer), Ty, is the fluid inclusion
homogenization temperature, and AP/AT is the
slope of the isochore. Examples where this
methodology has been applied include Huston
et al. (1993) Honlet et al. (2018), and many
others.
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8.2 Tracking Fluid Sources

Stable isotopes are a powerful tool to determine
the source of water in ore fluids, and, to a lesser
extent the sources of boron, sulfur and carbon
within them. As discussed earlier, many fluids
present in the upper crust have quite distinctive
isotope characteristics, which enables inference
of the type of fluid from which the ore fluids were
derived (see Fig. 8). An example is the strong
contrast between the 8''B values of seawater,
marine carbonates and evaporitic rocks of marine
origin on the one hand, and their equivalents
from terrestrial, continental settings on the other
(see Fig. 7). Thus the values of 5''B, 3**S and
8'3C can be indicative of source (Fig. 7,
Table 2), but because there is considerable
overlap between potential reservoirs, in many
(most) cases, the isotope signature of the ore and
gangue minerals is not definitive of a particular
source.

An important exception to this generalization
for the sulfur isotope system is the use of mul-
tiple sulfur isotope ratios to identify mass-
independent fractionation. The recognition of
photolytic mass-independent fractionation of
sulfur isotopes prior to the Great Oxidation Event
(Farquhar et al. 2000, 2001) has opened a totally
new method to identify the relative importance of
sulfur that has or has not interacted with the
atmosphere or hydrosphere, particularly in
Archean and earliest Paleoproterozoic mineral
systems. This tool is particularly useful for sys-
tems in which the source of sulfur is contested,
for example volcanic-hosted massive sulfide
mineral systems (Huston et al. 2023), orogenic
gold deposits (LaFlamme et al. 2018b) and
orthomagmatic Ni-Cu-PGE deposits. In the lat-
ter, one mechanism that has been proposed to
produce an immiscible Ni-Cu-PGE sulfide melt
from the parental mafic/ultramafic magmas is
sulfur saturation of the magma by ingestion of
sulfide-rich wall rocks (Lesher and Campbell
1993). As many of these deposits formed in the
Neoarchean, the distinctive signature of mass-
independent sulfur isotope fractionation can dis-
tinguish between mantle and crustal and mantle



Light Stable Isotopes (H, B, C, O and S) in Ore Studies—Methods, Theory, Applications and Uncertainties

sulfur.® Bekker et al. (2009), Ding et al. (2012)
and Fiorentini et al. (2012) used A™S, which
indicates the presence (JA**S| > 0.0%o) or absence
(A*S ~ 0.0%o) of crustal sulfur, to indicate that
sulfur contamination from the crust was an
important process in some, but not all,
orthomagmatic Ni-Cu-PGE deposits, and that the
presence of mass-independent fractionation may
be a signature of the larger deposits (Fiorentini
et al. 2012).

8.3 Tracking Geochemical Processes

One of the more powerful uses of stable isotopes
in mineral systems studies is identifying and then
tracking geochemical processes like redox reac-
tions and phase separation (boiling, magma
degassing). As discussed above, many geo-
chemical processes cause significant, and, in
some cases, diagnostic, isotope shifts in rocks
and/or minerals, or cause spatial or temporal
isotope gradients. These effects are most easily
observed where there are strong isotope contrasts
between the reactants and the products of the
geochemical reaction. For example, in volcanic-
hosted massive sulfide systems, evolved seawa-
ter, the main ore fluid, has hydrogen and oxygen
isotope characteristics that contrast with the
rocks and other potential fluids that it interacts
with. As a consequence, hydrolytic alteration
zones developed in these systems can be easily
mapped using whole-rock 3'®0 data, and the
involvement of other fluids (e.g. magmatic-
hydrothermal) can be assessed (Huston et al.
2011, 2023; and references therein).

One of the earliest uses of oxygen and
hydrogen isotopes in alteration studies was
determining the interaction of magmatic-
hydrothermal ore fluids and meteroic water
with host rocks in porphyry copper mineral
systems. Sheppard et al. (1969, 1971) showed
that hydrothermal minerals from core potassic
alteration zones in these deposits formed from

S In this case, defined as sulfur that has (crustal) and has
not (mantle) interacted with the atmosphere prior to the
Great Oxidation Event at ~ 2420 Ma.
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magmatic-hydrothermal fluids, whereas clay
minerals in peripheral argillic alteration zones
formed from heated, overprinting meteoric water.
These isotope data were one of the key datasets
in establishing the porphyry copper genetic
model in the 1960s and 1970s, and the results of
Sheppard et al. (1969, 1971) have been con-
firmed by studies of porphyry systems of differ-
ent ages around the world.

Boron isotope studies of ore systems have
focussed on tourmaline because this mineral is
common, resists alteration, preserves zoning and
contains percent levels of boron, but other min-
erals may become important (e.g. white mica, see
“future directions”). One of the first uses of B-
isotopes to understand ore fluid sources was the
study of massive sulfide deposits associated with
tourmalinite by Palmer and Slack (1989) and the
method grew rapidly since the advent of in-situ
studies using SIMS or LA-ICPMS (see Slack and
Trumbull 2011; Trumbull et al. 2020). Common
applications have been to constrain the fluid
source or to define mixing of multiple sources
and their temporal relationships. For example,
Xavier et al. (2008) found distinctly high
8" Biourmatine Values (> 10%o) that indicate a
marine origin for high-salinity ore fluids in
Brazilian IOCG deposits. Zoning and replace-
ment textures combined with in-situ B-isotope
ratios tracked fluid evolution and mixing (Pal
et al. 2010; Baksheev et al. 2015; Lambert-Smith
et al. 2016). In granite-related Sn-W deposits and
pegmatites, tourmaline B-isotope studies have
been used to recognize the magmatic-
hydrothermal transition by its effect on B-
isotope partitioning (e.g. Drivenes et al. 2015;
Siegel et al. 2016).

Rotherham et al. (1998) interpreted large
variations in &° 4Sw1ﬁde to be indicative that
reduction of an originally highly oxidized ore
fluid by interaction with ironstone was the
depositional mechanism for the Starra (now
known as Selwyn) copper—gold deposit in
northwest Queensland, Australia. Large (1975)
and Huston et al. (1993) interpreted zonation in
834Ssu1ﬁde data from ironstone-hosted deposits in
the Tennant Creek district in a similar manner.
Large variations in 3**S data can be indicative of
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redox reactions and spatial and temporal gradi-
ents can be used to track and map the progression
of these reactions.

Pyrite- and sulfate-bearing advanced argillic
alteration assemblages form by two processes in
the porphyry-epithermal mineral system: (1) dis-
proportionation of magmatic SO, to form aqueous
H,S and sulfate, and (2) condensation of
hydrothermal H,S into oxidized groundwater
followed by oxidation of the H,S to form sulfate.
Both of these processes produce sulfuric acid,
which reacts with rock to produce pyrophyllite
and/or kandite (a complex mixture of members of
the kaolinite-nacrite-dickite family), which char-
acterize advanced argillic assemblages. These two
processes, which occur in different parts of the
porphyry-epithermal system, can produce miner-
alogically similar alteration assemblages that are
difficult to distinguish. Comparison of sulfur iso-
tope data from sulfide and sulfate minerals is one
method of distinguishing between them (Rye et al.
1992). Rye (2005) found that because SO, dis-
proportionation is a high temperature process, it
produces equilibrium isotope fractionation,
whereas oxidation of H,S in groundwater, a low
temperature process, generally produces disequi-
librium isotope fractionation between sulfide and
sulfate minerals. These characteristics, combined
with other mineralogical data can be used as cri-
teria to distinguish between SO, disproportiona-
tion and the oxidation of aqueous H,S in
groundwater as mechanisms to form advanced
argillic alteration assemblages.

In summary, variations in stable isotope ratios
can be used to identify and track geochemical
processes in mineral systems. It must be stressed,
however, that stable-isotope signatures can be
affected by many geochemical processes, and
these signatures are rarely diagnostic of one
process alone. As an example, the presence of a
**Squtfide ~ 0%o is commonly taken to indicate
that the sulfur was derived (directly) from a
magma. However, this signature can be produced
by the fortuitous mixing of two non-magmatic
sources, or by leaching of volcanic rocks, which
would have a similar signature. Hence, when
interpreting isotope data (and geochemical data
in general) all processes that produce an isotope

D. L. Huston et al.

signature must be considered valid, and not just
the favoured process the signature “proves”. It is
rare that an isotope signature is sufficiently
unique to eliminate all but one process as its
cause. The non-uniqueness of isotope signatures
can, in some cases, be overcome by the use of
multiple isotope systems, including both stable
and radiogenic isotopes (see future directions).

8.4 Exploration and Discovery

Although stable isotopes have proved to be
extremely useful in understanding fluid sources
and processes that form ore deposits, discoveries
of deposits using isotope data are uncommon.
Two examples that we are aware of are the dis-
covery of a new skarn lens in the Kamioka dis-
trict in Japan using &'®0 data of carbonate
minerals (Naito et al. 1995), and the discovery of
the West 45 lens at the Thalanga volcanic-hosted
massive sulfide deposit in Queensland, Australia
using whole-rock 3180 data (Miller et al. 2001).
Despite well-documented and consistent zona-
tion of isotope values for a number of deposit
types (see above and later papers in this volume),
isotope methods for exploration have not been
taken up by industry to any significant extent.
Barker et al. (2013) attribute the lack of uptake
by industry to: (1) the costs of analyses, (2) the
requirement of specialist analytical labs, and
(3) the slow turnaround time for analyses. They
noted that for isotopes to be taken up by industry,
the quantity of analyses on a project would need
to increase from the tens or hundreds typical for
ore genesis studies to thousands for exploration.
Barker et al. (2013) reported a study in the Carlin
district, Nevada, USA in which they used large
numbers of analyses to show decrease in 8'*0 of
carbonate minerals towards the Screamer gold
deposit. Because of the large variability of the
data at the drill hole scale, the statistical robust-
ness of large data sets was required to document
this zonation. Hence, uptake of stable isotope
variations as an exploration tool will require a
reduction in the costs and time required for
analyses, and a greater number of laboratories
able to provide them.
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9 Future Directions

As with other science fields, the techniques and
interpretations of stable isotopes in metallogenic
studies evolve over time. Techniques being
developed at present could strongly influence the
future direction of stable isotope research in
metallogenic studies. These include the devel-
opment of new techniques (e.g. clumped iso-
topes), the ability to integrate data from different
isotope systems (both stable and radiogenic) on
the same rock, mineral or spot, and the increasing
capability for inexpensive and rapid analyses.
Like the discovery of significant mass-
independent sulfur isotope fractionation in the
Archean, the development of analytical tech-
niques to measure fractionation of clumped iso-
topes has the potential to provide a new tool to
understand ore genesis. Rather than considering
variations in the isotope abundance of an indi-
vidual element, clumped isotopes measurements
identify isotope variations in molecules. For
example the CO, molecule can vary in atomic
mass from 44 to 49, with mass number 44
(*2C'°0,) being the most abundant (98.40%) and
mass number 49 (13C1802) the least (44.5 ppb)
(Eiler 2007). Just like isotopes, these “isotopo-
logues" also fractionate with temperature (Ghosh
et al. 2006). At present, clumped isotope geo-
chemistry has been extensively used in pale-
oenvironmental, paleobiological and related
studies (Huntington et al. 2011; Eagle et al.
2011), but the application to fluid flow and
metamorphism (Swanson et al. 2012; Lloyd et al.
2017) suggest that they might also be useful in
ore genesis studies where they can determine the
temperature and isotope (i.e. 5'%0) composition
of ore fluids (Mering et al. 2018). Clumped iso-
topes may be particularly useful in low temper-
ature systems, such as those hosted in basins,
where estimating temperature and determining
the origin of fluids are problematic. Interpretation
of these data does not require knowledge of other
information such as salinity and the isotopic
signature is less susceptible to later alteration.
To date, the application of B-isotope studies
of ore deposits has been almost exclusively based
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on tourmaline (Trumbull et al. 2020). White mica
has been targeted before in studies of metamor-
phism (Konrad-Schmolke and Halama 2014), but
it is virtually unexplored in ore deposit studies
even though mica, particularly white mica, con-
tains the highest concentrations of boron of all
common rock-forming minerals (Harder 1974).
White mica is even more common than tourma-
line in alteration zones, and in cases where both
minerals coexist, the difference in fluid-mineral
B-isotope fractionation between them can be
used for geothermometry. A case study of the
Panasqueira Sn-W deposit by Codego et al.
(2019) showed that mineralization temperatures
derived from A''B in coexisting mica and tour-
maline are consistent with other geothermome-
ters and can be used to track cooling of the
mineralizing system.

The development of microanalytical methods
of isotope analysis has allowed for the first time
determination of a large suite of isotope ratios,
both stable and radiogenic, from essentially the
same spot or the same mineral. Integration of such
information can lead to conclusions that are more
robust and far reaching than conclusions from each
isotope system individually. A good example of
this is the microanalytical collection of U-Pb, Lu—
Hf and oxygen isotope data from zircon. The
ability to collect such data individually has been
around for 10-30 years, but only recently have
these data been collected from the same spots,
allowing synergy of interpretation. As an example,
for magmatic zircons from an ore-related granite,
the U-Pb system allows age determination
(Chelle-Michou and Schaltegger 2023), the Lu—Hf
system provides information about source of the
magma (e.g. crustal versus mantle: Waltenberg
2023), and the oxygen system provides informa-
tion about modifications of the source (e.g. meta-
somatism prior to magma generation: Valley
2003). Collectively, these data can provide infor-
mation about the mineral system not available
individually from the separate isotope information.
For example, the data could indicate if a magma
originated from the mantle and if the mantle had
been metasomatized, potentially important infor-
mation in determining magma fertility.



238

Another area with growth potential is the
combination of isotope systems including the
light stable isotopes described above (B, O, H, C,
and S; also Li though not discussed herein), as
well as heavier stable metal isotopes (e.g. Cu)
and radiogenic isotopes. Many of these can be
analysed in situ and with good precision by
SIMS and/or LA-ICP-MS, which opens the door
to detailed, petrographically-controlled analyses
of zoning and overprinting relationships in ore
and gangue minerals. Multiple-isotope analyses
would remove much of the current ambiguity in
identifying fluid and metals origin by isotope
fingerprinting. However, a prerequisite for
expanding the scope of in-situ analysis is the
availability of homogeneous and matrix-matched
reference materials for a wide range of mineral
groups (oxides, sulfides, silicates, carbonates
etc.). There needs to be heightened awareness of
the importance for development and distribution
of quality reference materials.

As discussed above and by Barker et al.
(2013), the development of rapid, inexpensive
methods of stable isotope data acquisition would
enhance the utility of stable isotope data in
mineral exploration. Although stable isotope data
can provide vectors toward ore, the time required
for analysis and the cost has generally restricted
stable isotope (and other isotope) data to aca-
demic studies and not exploration. Continued
development of rapid methods of analysis would
increase the update by the exploration industry.
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