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Abstract

This chapter discusses how radiogenic and stable isotopes can be used in the study of metallic mineral deposits. Although the

chapter is mostly focused on the radiogenic (Pb, Os) and heavy stable (Fe, Cu, Zn) isotopes of metallic elements, we

complement the discussion highlighting also the power of stable isotopes of light elements, which are major to significant

components of hydrothermal fluids and rocks (e.g, H, B, C, N, O, S), as well as of radiogenic isotopes of elements

(Sr, Nd, Hf) that are useful in tracing fluid/magma sources and their interaction with the host rocks.
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In the first part of this chapter we discuss general aspects of isotopes clarifying the differences between stable
non-radiogenic and stable radiogenic isotopes and, consequently, their different applicability to metallogenic studies. Due
to their properties, stable non-radiogenic isotopes record mass-dependent fractionation that occur in many reactions
associated with the formation of mineral deposits. Mass-dependent fractionation of stable non-radiogenic isotopes occurs
both under equilibrium and non-equilibrium (kinetic) conditions of the reactions leading to ore mineral deposition and is
controlled by various physico-chemical parameters, like, among the principal ones, temperature, oxygen fugacity, and
biological activity. Therefore, stable non-radiogenic isotopes can inform us about the physico-chemical and, eventually,
biological processes that control ore mineral deposition and also on the sources of some metals (e.g., transition metal
isotopes of elements like Fe, Cu, Zn) or of the fluids (e.g., H, C, O, N, S isotopes) and even of metal ligands (e.g., S, Cl).
We conclude the first part of the chapter providing some hints on the strategy of sampling and on the instrumentation related
to isotopic studies.

In the second part we discuss radioactive-radiogenic isotope systems and their applications in metallogenic studies of
metallic mineral deposits. Stable radiogenic isotopes are characterized by relative variations that are controlled, in each
geological system, by the addition of a radiogenic component of an isotope, derived from the decay of a radioactive parent, to
the same radiogenic isotope already present in the Earth since its formation ~4.55 Gyr ago. This relative variation is usually
expressed as the ratio of a radiogenic isotope of an element to a non-radiogenic isotope of the same element. The ratio of
these two isotopes has increased since the Earth formation and the magnitude of its variations depends on the radioactive/
radiogenic isotope ratios in different geological systems and on the time elapsed since the system has formed. The Earth is
~4.55 Gyr old and has evolved from an initially homogeneous isotopic composition to reservoirs (e.g., mantle, crust) and
crustal rocks with very variable radioactive/radiogenic isotope ratios due to magmatic, metamorphic, weathering, atmo-
spheric and biologic processes, among others. This has resulted in extremely large variations of radiogenic isotopes in rocks
and reservoirs of the Earth which can track various geological processes. In ore geology, stable radiogenic isotopes are best
suited for tracing metal (e.g., Pb, Os) sources from different rocks and reservoirs (e.g., mantle, upper crust, lower crust),
fluid-rock interactions (i.e., the hydrothermal plumbing system), or magma-host rock interactions (e.g., host rock assimila-
tion by magmas associated with magmatic-hydrothermal deposits).

Radioactive-radiogenic isotope systems allow us to determine also absolute ages of suitable minerals that are found in
mineral deposits. This is an essential information in metallogeny that allows us to link the formation of a mineral deposit to a
specific geological process and/or to specific periods of the Earth’s history. We discuss various dating methods that are
extensively applied to date mineral deposits. These methods can be subdivided into those that allow a direct dating of ore
minerals (e.g., Re—Os dating of molybdenite, U—Pb dating of cassiterite) and those that allow dating of minerals that are
demonstrably related with the mineralization (e.g., U—Pb dating of zircon from magmatic rocks associated with
magmatic-hydrothermal deposits; Ar/Ar dating of K-bearing minerals resulting from alteration associated with various
types of mineral deposits). We discuss pros and cons of using these various methods and also mention methods that are
less used (because potentially less accurate and precise), but sometimes represent the only possibility to provide an age to
deposit types that are notoriously difficult to date (e.g.,, MVT and Carlin-type deposits).

We highlight the power of both stable radiogenic and non-radiogenic isotopes in unravelling the genesis of metallic
mineral deposits through a series of conceptual and real examples applied to a broad range of mineral deposit types such as
porphyry systems (i.e., porphyry deposits, high- and intermediate-sulfidation epithermal deposits, skarn, carbonate replace-
ment deposits, sediment-hosted Au deposits), low-sulfidation epithermal deposits, IOCG deposits, ortho-magmatic
deposits, volcanic-hosted massive sulfide deposits (VHMS), sediment-hosted deposits (stratiform copper, MVT), and super-
gene deposits.

In the third part of the chapter, we discuss the use of transition metal stable non-radiogenic isotopes to mineral deposits.
Although in its infancy, the application of transition metal isotopes to mineral deposit investigation is quickly growing
because these isotopes allow us to address different aspects of the formation of mineral deposits compared to radiogenic
isotopes. In particular, isotopes of transition metals (like stable isotopes of light elements) undergo mass-dependent
fractionation processes that may be associated with different types of equilibrium and non-equilibrium chemical, physical
and biological reactions occurring during the formation of mineral deposits. We focus on the applications of the isotopes of
Cu, Fe and Zn to various deposit types, because isotopes of these transition metals are those that have been most extensively
used in mineral deposit studies. Mass-independent fractionation may also occur for isotopes of some elements and could be a
developing field that has not yet been extensively explored in the study of mineral deposits.
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stable isotopes; Zinc

Key points

® We discuss the uses of stable radiogenic (Pb, Os) and non-radiogenic (Fe, Cu, Zn) isotopes of metals to the study of metallic
mineral deposits.

@ Stable radiogenic isotope variations depend on time and on the relative abundances of the parent radioactive isotope and
the daughter radiogenic stable isotope.
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o Stable radiogenic isotopes are ideally suited to track sources of metals (Pb, Os) in mineral deposits and to derive
information on the hydrothermal plumbing systems.

@ In conjunction with their radioactive parents, stable radiogenic isotopes allow accurate and precise absolute dating of
metallic mineral deposits.

@ Stable non-radiogenic isotopes of transition elements (Fe, Cu, Zn), like light stable isotopes (H, B, C, N, O, S), record
mass-dependent fractionation that occurs in many reactions associated with the formation of mineral deposits.

@ Stable non-radiogenic isotopes of transition metals (Fe, Cu, Zn), like light stable isotopes (H, B, C, N, O, S), are ideally
suited to track physico-chemical processes that lead to mineralization (e.g., fO, changes), low-temperature ore processes
(Fe, Cu, Zn), and to some extent the sources of metals (e.g., Fe, Cu, Zn).

Introduction

Economic metallic mineral deposits are anomalous accumulations of metals which have been concentrated above average rock
contents, either in their native form or, more commonly, in other mineralogical forms that make them exploitable (e.g., Skinner,
1997). Such metal concentration can be due to purely magmatic processes (e.g., orthomagmatic Ni—Co—PGE deposits associated
with mafic magmatic complexes), to aqueous fluids that leach, carry and precipitate metals in various geological environments
(magmatic-hydrothermal, metamorphic, sedimentary, supergene), to hydrologic or eolian concentration at the Earth's surface of
certain ore minerals previously formed (placer deposits), and to weathering processes that remove selectively elements of a rock
resulting in the residual concentration of metals (residual deposits; e.g., laterite, bauxite). In most mineral deposit types, metals are
precipitated from aqueous solutions under a wide range of physico-chemical conditions (e.g., Seward and Barnes, 1997). These
aqueous solutions may originate from the same source as the metal of interest in the mineral deposit, for example via the exsolution
from a magma, or may be modified seawater, meteoric or connate water, basinal brines, metamorphic fluids, or even a mixture
thereof, sometimes with a distinct origin compared to the economic metals of interest in the mineral deposit (e.g., Giggenbach,
1997; Scott, 1997; McKibben and Hardie, 1997). Precipitation of metals from these aqueous solutions is accompanied by exchange
between fluid and rocks, resulting in distinct alteration patterns of the host rock adjacent to the fluid path (e.g., Reed, 1997; see also
Steele-MacInnis, this volume and Lecumberri-Sanchez and Steele-MacInnins, this volume). This overall process results in the
precipitation of metal-bearing ore minerals, e.g., sulfides and/or oxides, but also of the so-called gangue minerals, e.g., carbonates,
sulfates, or silicates that do not contain economic elements.

Large-scale geologic processes are required as ultimate drivers for the formation of mineral deposits and include magmatism,
metamorphism, orogeny, basin formation and sediment compaction, climatic changes, as well as accompanying changes in
biological activity. All these processes are linked throughout the Earth geological history to major changes in geodynamic,
atmospheric, astronomic, and biologic processes. As such, mineral deposits are an integral part of Earth’s evolution through time
and their occurrence is an expression of complex interactions between the different spheres of our planet.

Isotopes (derived from the two Greek words “iso”, same, and “topos”, place) are nuclides of the same element and are therefore
characterized by the same number of protons but different numbers of neutrons (Fig. 1), resulting in different masses. In the Earth
there are both stable and unstable natural isotopes. Unstable isotopes are radioactive and decay naturally, with variable decay rates,
to other isotopes, that may be, in their turn, either radioactive or stable. Stable isotopes are either radiogenic, when they derive from
the decay of a radioactive isotope, or non-radiogenic when they have been produced by nucleosynthetic processes in stars and
supernovae or by cosmic ray spallation of interstellar dust prior to the solar system formation. Stable radiogenic isotopes are
generated by primordial radioactive isotopes with decay rates much slower than the age of the Earth (e.g., 22?Th, 223U, 223U, '%7Re,
17614, 7Sm, 8“Rb, 40K), which have been incorporated in the Earth at the time of its formation because they were previously
formed in stars and supernovae. These primordial radioactive nuclides have produced stable radiogenic isotopes (e.g., 2°°Pb, °°Pb,
207pb, 187Qs, 7SHf, '*3Nd, ®7Sr, “°Ar) that have been added throughout Earth’s history to the amounts of the same stable
non-radiogenic isotopes incorporated in the Earth at the time of the solar system formation. Some primordial radioactive isotopes
have gone extinct early in the Earth’s history and may be used to infer early Earth processes (e.g., '*°Sm decayed to '*°Nd, '*?Hf
decayed to '#2W).

Some rare nuclides are also generated continuously on rocks and soils of the Earth’s surface as well as in the Earth’s atmosphere
by cosmic rays interacting with primordial isotopes. Such cosmogenic nuclides can be both stable and radioactive and some of them
have important geological applications (e.g., *C generated by interaction of cosmic rays with '*N is used for dating of C-bearing
materials younger than ~40 ky; '°Be is used to track the input of subducted sediments into subduction-related magmas and the
sources and circulation of marine water masses, while "Be is used to track atmospheric circulation).

The majority of naturally existing isotopes in the Earth are stable non-radiogenic, so have not been further produced by
radioactive decay of other nuclides since the time of the solar system formation. Therefore, considering the bulk Earth as a closed
system, the absolute abundances of non-radiogenic stable isotopes are fixed and correspond to those of the chondritic material that
formed the Earth. However, distinct reservoirs and geological materials of the Earth at different scales, ranging from rocks to
minerals and sub-grains, may be characterized by a redistribution of non-radiogenic stable isotopes of the same element that results
in different ratios of these isotopes. The fundamental reason for this isotopic redistribution is that, while the isotopes of the same
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Fig. 1 Graphic examples of stable (grayed cases) and radioactive (white cases) isotopes and of the o« and § decay processes in the pertinent portions of the nuclide
table. (a) Example of light stable non-radiogenic and radiogenic isotopes (B, C, N, 0). (b) Example of transition metal non-radiogenic stable isotopes (Fe, Co, Ni, Cu).
(c) Example of heavy stable non-radiogenic (Tl) and radiogenic (Pb) isotopes, as well as of radioactive isotopes (Bi, Po).

element have the same electronic configuration and hence the same geochemical behavior, the different masses of their nuclei,
related to the different number of neutrons, make them behave differently in a range of physico-chemical processes (for more details
see for example O'Neil, 1986). Because the main parameter controlling the behavior of different isotopes of the same element is
their mass (mass-dependent fractionation or MDF), isotopic effects are much more important for isotopes with larger relative mass
differences: for instance, the fractionation between ?H and 'H is larger than that between '°O and '®O during water evaporation. For
a specific mass difference, in general the higher is the atomic mass of an element the lesser will be the fractionation effects between
its isotopes. However, elements of biogeochemical importance and/or those that can occur in phases with different chemical
oxidation states (valency) may still show measurable isotopic fractionations despite having a high masses (e.g., Hg, Mo, Cr, Fe,
Cu, Zn).

Both equilibrium and kinetic MDF between the compounds containing and competing for the isotopes in question can occur.
For equilibrium fractionation, the reactions occur slowly enough to allow a continuous thermodynamic equilibration between
reactants and products. Mass-dependent equilibrium fractionations at any given temperature between two compounds are
predictable based on molecular thermodynamics (e.g., Schauble et al., 2009). This thermodynamic preference for the heavier or
lighter isotopes can also be noted if two different elements containing two or more stable isotopes are bonding within the same
molecule. The recently discovered “clumping” of two heavy isotopes of different elements, that occurs as a molecular anomaly
within a reaction product and where that clumped molecule also has stronger bonds compared to non-clumped molecules, is also
thermodynamically predictable. Similar to the normal fractionation factor (o), the clumped anomaly is favored at lower
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temperatures compared to higher temperatures of reaction (e.g., Schauble et al., 2006; Eiler, 2007). Such “clumping” of the heavy
isotopes, that expresses itself as an anomalous concentration of the heavy isotopes of two different elements ('>C and '®0 in
carbonates or CO,, for example) on a molecular basis in the product phase compared to a random, stoichiometric distribution of
the heavy isotopes of both elements based on their total abundance, offers a new single mineral thermometer for isotope
fractionation (Eiler, 2007).

In mass-dependent equilibrium fractionation, products may be characterized by either lighter or heavier isotope compositions
depending on parameters including the strength of the chemical bonds of products versus reactants, their density and/or their
physical state (solid vs. liquid vs. vapor, crystallography), and/or changes in the oxidation state of the element concerned.
In contrast, mass-dependent kinetic fractionation, related to the speed of the movement of the isotopes, will result in products of
a reaction that are isotopically lighter compared to the reactants, which may either enhance the magnitude of the predictable
equilibrium fractionation or may lead to a reversal in the sign of the equilibrium fractionation factor (O'Neil, 1986; Schauble et al.,
2009; Hoefs, 2015; Sharp, 2017). Kinetic fractionation may also be important for diffusive processes, rapid precipitation of minerals
under conditions of oversaturation, and/or for reactions that are mediated by biological activity (e.g., Zn isotope fractionation by
phytoplankton and Cu isotope fractionation by bacteria: Maréchal et al., 2000; Mathur et al., 2005; Bermin et al., 2006). In all these
cases, the lighter isotopes of the reactants are preferentially used to form the products because they are less tightly bound compared
to the heavier isotopes. In addition, biologically mediated reactions are often associated with a change in valency, which also has a
strong influence on the vibrational frequency shifts for the bonds of the element of interest and hence on the magnitude of
fractionation.

It should be noted that some elements containing more than two stable isotopes (e.g., Hg, S, O) may also be subjected to
mass-independent fractionation (MIF), a fractionation that does not scale with mass differences between the isotopes and is often
related to photochemistry and the impacts of certain wavelengths of cosmic radiation on the vibrational frequencies of bonds in
particular isotopologues (Thiemens and Lin, 2021). Although MIF has important applications in geology, like in the study of the Hg
geochemical cycle (Bergquist and Blum, 2007) or in the detection of the Great Oxidation Event thanks to MIF of sulfur isotopes
(Farquhar et al., 2000), we will not deal with MIF in this chapter because, at this time, there are not yet extensive mineral deposit
studies that have used MIF.

Mass-dependent (and mass-independent) isotopic variations can be used for geological interpretations only for non-radiogenic
stable isotopes. Radiogenic stable isotopes cannot be used to track mass-dependent (and mass-independent) fractionation
processes because their abundances in natural systems are heavily affected by radioactive decay. This interferes with any potential
isotope variability due to mass-dependent (and mass-independent) processes, because stable radiogenic isotopes have been
continuously produced within Earth’s reservoirs (e.g., mantle, crust) and materials (e.g., rocks, minerals) since the Earth’s formation.
Therefore, the distribution of radiogenic isotopes is no longer dependent only on reaction conditions but also, and overwhelmingly,
on the time span of their accumulation by radioactive decay of the parents and on the relative abundances of the parent radioactive
isotope and the daughter radiogenic stable isotope.

Isotope studies allow addressing broad questions in mineral deposit research, such as: (i) what are the sources of hydrothermal
fluids and/or those of the metals?; (ii) which were the features of the fluid plumbing system?; (iii) what were the physico-chemical
conditions and also the inorganic and biological factors under which hydrothermal fluids transported and deposited the metals?;
(iv) what was the timing and the age of ore formation?

The ability of isotopes to address the above range of questions derives from their power of coupling element geochemical
information with the response of the different isotopes of an element to changes in physico-chemical processes and the time factor
that is implicit in radioactive-radiogenic isotope pairs. Under this point of view, non-radiogenic stable isotopes are able to track
physico-chemical processes related to mineralization, such as temperature, fO, conditions, equilibrium versus kinetic fractionation
during mineral precipitation, low-temperature remobilization of metals (Fe, Cu, Zn), besides tracking sources of the aqueous fluid
phase (O, H), of ligands (e.g., Cl, S), and to some extent of metals (e.g., Zn, Cu, Fe). In contrast, stable radiogenic isotopes are ideally
suited to track sources of metals (Pb, Os) in mineral deposits, to derive information on the hydrothermal plumbing systems (e.g.,
variably homogeneous mixing or heterogeneous mixing implying long-lived hydrothermal cell convection, versus unidirectional
flow paths), and, in conjunction with the radioactive parent (e.g, U—Pb, Re—Os, K—Ar systems), to date magmatic and
hydrothermal activity.

Because a number of reviews have already been published on applications of classical light stable isotope compositions (e.g., H,
B, C, N, O, and S) to mineral deposit research (e.g., Ohmoto, 1986; Taylor, 1987; Ohmoto and Goldhaber, 1997; Taylor Jr, 1997;
Seal et al.,, 2000; Seal, 2006; Taylor, 2007; Shanks III, 2014), this chapter focusses on radiogenic stable metal isotopes (e.g., Pb, Os)
and on transition metal stable, non-radiogenic isotopes (e.g., Fe, Cu, Zn). Where appropriate, the case studies discussed here also
refer to classical light stable isotope compositions (mostly H, C, O, S) to highlight the power that the combined use of various
isotope systems have, notably in refining the answers to questions (i) to (iii) above. Similarly, other radiogenic isotopes (e.g., Sr,
Nd) are briefly discussed in some cases to complete information derived from Pb and Os isotopes. Another important part of the
chapter is dedicated to the dating of mineral deposits by various methods (e.g., U—Pb, Re—Os, Ar/Ar).

Although we discuss some basic concepts of isotope geochemistry, we cannot address all details of such a vast topic in this
chapter, that is essentially focused on the application of isotopes to metallic mineral deposits. Therefore, we invite the readers to
consult more specialized works on isotope geochemistry cited in various places of this chapter (e.g., general text books like Faure
and Mensing, 2005; Dickin, 2005; Johnson et al., 2004), should they want to deepen their understanding of those details.
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Sampling and analytical strategy in isotope investigations

Isotope investigations can be carried out at different scales, i.e., from the single crystal and parts of it (i.e., millimeter to pm scale) to
hand-size samples. Additionally, samples can be collected at the outcrop scale, at the deposit scale, or at the mineral district and
regional scales. The number of samples to be analyzed depends on the scope and the scale of the investigation (the reader may
consult Richards and Noble, 1998 for useful information about sampling methodologies and strategies depending on the goal and
isotopic technique used). In any case several samples should be analyzed for each single deposit to track homogeneity or
heterogeneity of isotope compositions at various scales of the deposit. Heterogeneity can eventually be linked to the 2D geographic
(if only surface samples are investigated) or 3D (if also drill core samples are investigated) positions of the samples to detect the
presence of zoning that can inform us about the plumbing hydrothermal ore system, the hydrothermal fluid path and its interaction
with host rocks, differences in fluid properties, and precipitation mechanisms.

Homogeneity and heterogeneity can also be detected at the um scale of single crystals. Mineral deposits form in geologically
short but non-instantaneous time intervals, and physico-chemical conditions and sources may change. Analyzes of tiny zones of
single crystals may provide valuable information about the temporal evolution of the ore system (e.g., Li et al., 2018, 2022), but
require a method that samples small volumes of single crystals in a texturally controlled environment (see below). Analysis of a bulk
sample (i.e., rock, multigrain mineral separate, bulk single crystal) represents a time-integrated sum of all the processes that a
sample has undergone, i.e., it is a time-averaged signal of a series of processes. Analyzes of the tiny volumes in a zoned crystal
deconvolve the integrated signal by representing snap shots of the crystal’s evolution. Two microanalytical techniques are widely
used: (i) microdrilling of texturally constrained minerals, with spatial scales of several hundred um or ~10° um?; (ii) in situ spot
analyzes via either a laser ablation system (LA-MC-ICPMS) or with ion probe (SIMS), with spatial scales of only a few tens of um or
~10°-10* pm>. Normally there is a trade-off between spatial and analytical resolution such that smaller analytical volumes yield
larger errors. Depending on research scope, either bulk rock/mineral or in situ analyzes (or both) can be collected. Temporal
evolution at mineral deposits may also be investigated at larger scales, e.g., through cross-cutting or stratigraphic relationships.

Another possible approach is the analysis of the isotopic composition of fluids instead of minerals. Minerals, during their growth
by precipitation from a hydrothermal fluid, invariably trap inclusions of those fluids, which can be analyzed directly through in situ
techniques (Pettke et al., 2010; see below) or by bulk crushing and leaching of the fluids (e.g., Chiaradia et al., 2004; Rottier, 2017).
In the latter case a problem is that different fluid generations (even not related to the primary mineralization but to later events that
have cracked and re-sealed the minerals trapping “exotic” fluids) are possibly analyzed. Finally, fluids from active geothermal
systems associated with potentially forming mineral deposits can also be analyzed for their isotopic compositions (e.g., de Ronde
et al.,, 2011; Chiaradia et al., 2018).

All types of isotope studies (i.e., light stable isotopes, heavy stable isotopes, radioactive-radiogenic isotopes) make large use of
both bulk rock, single grain to subgrain, and in situ analytical approaches.

Instrumentation

Isotope compositions of geological solid and liquid materials are measured by mass spectrometry (the reader may consult Faure and
Mensing, 2005; Dickin, 2005 for more detailed introductions to mass spectrometry). A mass spectrometer consists of three main
parts: (i) an ion source that ionizes the element whose isotopes need to be measured; (ii) a mass analyzer where isotopes are
separated from each other according to their mass/charge ratio; (iii) a detection system which allows to quantify the amounts of the
different isotopes of the sample arriving at the detector and to convert them into ratios of those isotopes. In the most commonly
used mass spectrometers the mass analyzer and detection system are similar, but the ion source changes depending on the type of
elements analyzed. Currently the following types of mass spectrometry techniques are the most used for determination of isotope
compositions:

1. Thermal ionization mass spectrometry (TIMS). In this technique the ionization of the element to be analyzed is achieved
thermally by heating a pure separate of the element (usually in the form of a salt) loaded onto a high work function metal
filament (e.g., Re, Pt, Ta) which is heated under vacuum at temperatures between 1000 °C and >2000 °C depending on the
element. An activator is usually added to increase the ionization efficiency. This technique is routinely used for U—Pb, Re—Os,
Rb—Sr and Sm—Nd isotope determinations, among others. To avoid interferences of isobars and ionization suppression, bulk
rocks, single grains or their portions, are dissolved in acids and the elements of interest are separated from each other through
column chemistry before being measured on a thermal ionization mass spectrometer. A spike solution, usually made with one or
two isotopes of the element to analyze, is added to the sample when a high-precision determination of the concentration of the
element is needed, e.g., for high-precision Isotope Dilution (ID)-TIMS dating of zircon and molybdenite. No spike addition is
needed for “routine” isotope ratio determinations.

2. Noble gas mass spectrometry. In this technique ionization of a noble gas (e.g., Ar) is achieved under vacuum by a flux of
electrons from a heated filament. Prior to ionization the gas is extracted from the sample (e.g., a pure mineral separate) through
heating with a furnace or laser or also through mechanic decrepitation. This is the technique used, among others, for “°Ar/>°Ar
dating (see below). In situ dating of portions of minerals using a laser coupled to the mass spectrometer is also possible with this
technique.
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3. Gas isotope ratio mass spectrometry (GIRMS). For the conventional light stable isotope analyzes, new variants of the classical

“Nier-type” gas-source mass spectrometer (Nier, 1940) are most commonly used. For this approach, an analyte gas is produced
for the isotopic system of interest (e.g., H, C, N, O, S) using either offline vacuum extraction lines or more recently online
carrier-gas (He) based preparation devices such as Elemental Analyzers (EA’s), automatic carbonate preparation lines or laser
fluorination lines. The analyte gas of interest (H,, CO,, CO, N,, O,, SO, or SF;) is prepared by high temperature (>1000 °C)
oxidation (CO,, N,, SO,) or reduction (H,, CO), low-temperature (25, 50 to 90 °C) acidification of carbonates (CO,), or
fluorination of silicates, oxides, and/or sulfides (O, or SFg, respectively) for a complete conversion of solids and liquids to the
analyte gas. This is followed by either a vacuum distillation (offline) or gas chromatographic clean-up of the analyte gas (online,
carrier-gas systems) prior to the mass spectrometric measurement of the analyte gas. The analyte gas is measured for its isotopic
composition, calibrated against a pure reference gas of the same elemental composition but of known isotopic composition, that
is introduced in parallel to the analyte gas. The whole preparation, extraction, as well as measurement procedure is normalized
by standard liquids or solids, ideally of the same elemental composition as the samples of interest (e.g., Coplen et al., 1996).
More recent advances in cavity-ring-down mass spectroscopy have developed new ways of “optically” measuring the isotopic
composition of analyte gasses.

. Laser Ablation-(Multi-Collector)-Inductively Coupled Plasma Mass Spectrometry (LA-(MC-)ICPMS). Element ionization in this
technique is achieved in an argon plasma which reaches temperatures of up to ~8000 °C. Virtually all elements are ionized and
can be analyzed with this technique, in particular transition elements which are notoriously difficult to ionize. Sample
preparation is the same as that carried out for TIMS analyzes, i.e., acid dissolution and column chemistry to separate the
element of interest from the matrix. A great advantage of MC-ICPMS is also the possibility to be coupled with a laser ablation
system, which allows the determination of in situ isotopic compositions. Laser ablation coupled to a multi- (LA-MC-ICPMS) or
single (LA-ICPMS) collector mass spectrometer is routinely used for dating zircons and other minerals (e.g., titanite, cassiterite,
monazite, hematite, calcite). However, this versatile technique can also be applied to in situ isotopic determination of many
other elements on various minerals (e.g., St isotopes on plagioclase, Pb isotopes in fluid inclusions, Hf isotopes in zircons). The
material analyzed is ablated by a laser inside an ablation cell and transferred to the mass spectrometer where it is ionized and
isotope ratios are measured. The ablated material corresponds usually to circular pits of 30-60 pm in diameter and a few pm in
depth for a total ablated volume in the order of 10°-10* pm® compared to minimum volumes of ~10°-10° pm> for TIMS
analyzes (Sylvester, 2008) (Fig. 2). MC-ICPMS of the last generation are equipped with filter and collision cell technologies that
allow the separation of isobars inside the mass spectrometer (Dauphas et al., 2022), which heavily affect isotope measurements
of the ablated aerosol in MC-ICPMS, on which previous chemical separation cannot obviously be carried out. Isotopic
measurements of minerals using LA-MC-ICPMS require always a careful consideration of isotope fractionation occurring in
the plasma and ablation cell through the use of standards that match mineralogically the investigated mineral (matrix-matched
standards).

(a) LA-ICPMS
spot (~108-104 yms3) SIMS
[ \pot (~102 ym3)
<\ o
)
l
CA-ID-TIMS 100 ym
bulk grain or )
sub-grain (2105 yms3)
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«CA-ID-TIMS~>

« LA-ICPMS and SIMS

Fig. 2 Analytical techniques of high-precision U—Pb geochronology. (a) CA-ID-TIMS: Chemical-Abrasion, Isotope-Dilution Thermal lonization Mass Spectrometry

can be applied to bulk single grains or portions of them. LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectrometry) and SIMS (Secondary-lon
Mass Spectrometry) are in situ techniques allowing a much higher spatial resolution but a smaller volume of analyzed material. (b) Different precisions of the
CA-ID-TIMS versus the in situ LA-ICPMS and SIMS methods resulting from the different volumes of zircon analyzed by these methods. The 2SD error bars refer to
single spot or single grain/fraction of a zircon 100 Myr old assuming typical precisions associated with the two methods (i.e., 0.1% for CA-ID-TIMS and 3% for
LA-ICPMS and SIMS). See text for further discussion. From Chiaradia M (2023) Radiometric dating applied to ore deposits: Theory and methods. In: Huston DL
and Gutzmer J (eds.), Isotopes in Economic Geology, Metallogensis and Exploration. Springer: Berlin (in press); Modified from Schaltegger U, Wotzlaw JF, Ovtcharova
M, Chiaradia M and Spikings R (2014) Mass spectrometry in Earth sciences: The precise and accurate measurement of time. Chimia International Journal for
Chemistry 68(3): 124-128.
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5. Secondary Ion Mass Spectrometry (SIMS) is used to determine in situ isotope ratios of various elements for tracing studies (e.g.,
H, Li, B, C, O, Mg, S) as well as for in situ U—Th—Pb dating of minerals. This technique is conceptually similar to LA-(MC-)
ICPMS but differs in the way by which the analyzed elements are extracted from the mineral. In SIMS an ion beam (usually of
oxygen or cesium ions, depending on the element to be analyzed) hits the mineral surface and sputters it producing secondary
ions that are accelerated and focused into the mass spectrometer. The beam size can be as small as 15 um thus providing the
highest spatial resolution of all isotope measurement techniques, but also resulting in smaller volumes of analyzed material
(~10? pm?; Sylvester, 2008) (Fig. 2). Like for LA-(MC-)ICPMS, also SIMS requires the use of standards that match mineralog-
ically the investigated mineral (matrix-matched standards) to monitor and correct fractionation effects.

The in situ analytical techniques (4 and 5 above) allow a better resolution (10-40 pm; Fig. 2), a better textural control (better optical
microscopy coupled with the LA-ICPMS and SIMS than with a microdrill), and a much faster analytical acquisition, i.e., a larger data
output. However, by virtue of the smaller amounts of material analyzed, precision is not as high as with the bulk methods (1, 2, 3
above; Fig. 2) and accuracy relies on control of matrix effects through the analyzes of matrix-matched standards (e.g., Miliszkiewicz
etal., 2015).

The “bulk” minerals (1,2,3) and in situ (4 and 5) methods should be viewed as complementary and the choice of one or the
other depends on the actual goals of the isotopic analysis. For instance, high precision dating by ID-TIMS is the only technique to
constrain the timescales of hydrothermal events where minerals can be dated precisely and accurately by high-precision U—Pb and
Re—Os techniques, whereas in situ techniques are the choice for regional studies (requiring the analysis of higher numbers of
samples without the need for a high precision) and for dating minerals with complex textures indicating several growth episodes
(e.g., Chiaradia et al., 2013, 2014). High precision ID-TIMS dating of zircon may also benefit from previous dating of the same
zircons by in situ methods in order to allow a selection of the most appropriate zircon grains to be subsequently dated by the more
labor-intensive ID-TIMS technique (e.g., Chelle-Michou et al., 2014; Chiaradia et al., 2014).

Radioactive-radiogenic isotope systems
Bases of radioactive-radiogenic isotope systems

As discussed in the Introduction, radioactive parents and their stable radiogenic isotopes allow the identification of potential metal
sources in mineral deposits, the characterization of the plumbing system (e.g., homogeneous vs. heterogeneous mixing), the
likelihood of fluid-rock interactions during the transport of the fluid from the source to the depositional site, and also the dating of
the absolute time and duration of mineral deposit formation. Before discussing more in detail individual radioactive-radiogenic
isotopic systems and their applications to different types of mineral deposits, it is useful to introduce some general concepts that are
applicable to all radioactive-radiogenic isotope systems.

Radioactivity is the process through which naturally occurring unstable isotopes of various elements emit sub-atomic particles
and energy resulting in changes of the number of protons and neutrons: this leads to the transformation of an initial isotope into an
isotope of another element (Rutherford and Soddy, 1902a, 1902b) (Fig. 1). As mentioned in the Introduction, some radioactive
isotopes present in the solar nebula have been incorporated into the Earth when the latter formed and still exist today due to their
slow decay rates (e.g., 2*>°Th, 2*U, 2*°U, '%"Re, '"°Lu, '*’Sm, %’Rb, *°K: Table 1). Over ~4.55 Gyr of Earth’s history they have
continuously produced the corresponding stable radiogenic daughter isotopes (e.g., 208p}, 206pp, 207pp 187(yg 176pf 143N(, 87y,
“%Ar), which have been added to the primordial (i.e., occurring at the time of Earth’s formation) amounts of the same isotopes.

Several types of radioactive decay exist, the most common (i.e., those of the above-mentioned elements; Table 1) being p~, B,
electron capture, and o decays (Fig. 1; see specific literature for more details, e.g., Faure and Mensing, 2005; Dickin, 2005). The
radiogenic products of radioactive decay may be stable (i.e., non-radioactive) daughter isotopes (a typical example is the decay of
187Re to stable '¥70Os by B~ decay or the decay of '*”Sm to '**Nd by o decay) or daughter isotopes that are themselves radioactive
parents and decay to another daughter isotope. For example, in Fig. 1, 2'?Po is the radioactive daughter of >!?Bi (through a B~ decay)
and decays through o decay to stable 2°°Pb, i.e., the last step of the decay chain of *Th to 2°°Pb.

The decay rate of a large population of a particular radioactive isotope is statistically constant (and for this reason it is called the
decay constant, identified by the Greek letter 1), can be measured and quantified, and does not change significantly with variations
of physico-chemical parameters like temperature, pressure and composition of the phase hosting the radioactive isotopes (e.g.,
Faure and Mensing, 2005). Different radioactive parent isotopes have rates of decay encompassing >10 orders of magnitude
(Table 1). Thus, an increasing number of radiogenic isotopes are produced by the decay of the radioactive parent through time.
Time, rate of decay and atomic abundances of parents and daughters are linked together through a simple exponential equation

D" =No(e" - 1) (1

where D* and N are the numbers of radiogenic daughter and radioactive parent isotopes, respectively, measured in the system
today, 4 is the decay constant, and ¢ is the time since the system (e.g., mineral, rock, geological reservoir) has formed incorporating
the radioactive parent isotope.
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Table 1 Decay schemes and applications to dating mineral deposits of selected radioactive isotopes.

Decay scheme  Decay constant ~ Decay process  Half-life (y) Types of datable minerals Datable minerals References
238y , 206ph 155125 x 107'° o and B~ 4.468 x 10°  Magmatic and hydrothermal r, tit, rt., bd, xen, mon, all, 1
B5 — 27phy  1,54993 x 1071° 4.472 x 10° ore-associated minerals + ore cs, gar 2
9.8485 x 1070 0.7038 x 10°  minerals (e.g., cassiterite) 1
9.8569 x 107" 0.7032 x 10° 2
232Th —, 2%py 49475 x 107" o and B~ 14.010 x 10° Magmatic and hydrothermal all, mon 1
ore-associated minerals + ore
minerals
87Re — 8705 1.666 x 107 B~ 4161 x 10" Ore minerals (sulfides) mol, various sulfides 3
1.6668 x 107" 4.159 % 10'° 4
40K _, 40pr 5.755 x 107" Electron capture  1.204 x 10'°  Gangue hydrothermal minerals -+ fluids ~ K-bearing minerals (e.g., 5
contained in ore and gangue minerals ~ micas, amph, Kf, al) and
fluids
87Rb — ®7Sr 1.42 x 107" B~ 4.881 x 10"  Gangue hydrothermal minerals + fluids micas, Kf, sl, and Rb-bearing 6
contained in ore and gangue minerals  fluids (as inclusions in, e.g.,
quartz)
7Sm — ™Nd  6.54 x 1072 o 1.060 x 10'"  Certain gangue and ore minerals (e.g.,  cpx, gar, sch 7
scheelite)
70y — T8HF  1.94 x 107" i 3.57 x 10'°  Certain gangue minerals gar 7
B4y 20Th - 2,829 x 107° o 2.45 x 10°  Young zircons and carbonates zr, carbonates 8
20Th 22583 91929 x 108 ¢ 7.54 x 10*  Young zircons and carbonates zr, carbonates 8

Decay constant and half-life values are from the mentioned references. However, the reader should be aware that continuous refining of these values is proposed in the literature.
al, alunite; all, allanite; amph, amphibole; bd, baddeleyte; cpx, clinopyroxene; cs, cassiterite; gar, gamet; Kf, K-feldspar; mol, molybdenite; mon, monazite; rt., rutile; sch,
scheelite; sl, sphalerite; tit, titanite; xen, xenotime; zr, zircon. References for decay constants and half-lives: 1—Steiger and Jaeger (1977); 2—Schoene et al. (2006); 3—Smoliar
et al. (1996); 4—Selby et al. (2007); 5—Renne et al. (2010); 6—Neumann and Huster (1974); 7—Faure and Mensing (2005); 8—Lide and Frederikse (1995).

Modified from Chiaradia M (2023) Radiometric dating applied to ore deposits: Theory and methods. In: Huston DL and Gutzmer J (eds.), Isotapes in Economic Geology, Metallogensis
and Exploration. Springer: Berlin (in press).

In the greatest majority of geological systems, a significant amount of daughter radiogenic isotope (accumulated from decay of
the parent prior to the system formation) may be also incorporated from the surrounding environment at the time of the system
formation. This makes that the number of radiogenic isotopes present in the system after a certain time t will be

D=D,+D" (2)

where D is the total amount of daughter isotope resulting from the sum of the daughter isotope incorporated from the surrounding

environment at the time ¢ of formation of the system (D) plus the daughter isotope produced within the system after its formation

at time ¢ by decay of the incorporated radioactive parent (D*), of which today remains a number of atoms equal to N, (Eq. 1).
Thus, Eq. (2) above becomes, by substituting Eq. (1) into it,

D =D, +No(e" - 1) (3)

In geological terms, this would be the case, for example, of a mineral crystallized from a magma or precipitated from a hydrothermal
fluid at time t. This mineral incorporates a certain number of the daughter radiogenic isotope present in the magma or fluid at time t
(Dy) and also a certain number of isotopes of the radioactive parent (N) present in the magma/fluid, of which the number
remaining today is Ny in Eq. (3). The proportion in which parent and daughter isotopes are incorporated is different from mineral
to mineral crystallized from the same magma or precipitated from the same fluid, because it depends on the different mineral-melt
or mineral-fluid partition coefficients of the parent (N) and daughter (D) isotopes.

D, in turn is the result of the decay of the radioactive parent N added to another initial amount of D (e.g., Dt) between an older
time T and the time t when the mineral under consideration formed, so that

D =Dy +N,(e"-¢") + No(e'-1) (4)

where the first two terms on the right-hand side of the equation are D, and the third is the amount of radiogenic isotope (D*)
produced within the mineral since the time (t) of its crystallization.

In mass spectrometry it is analytically easier (see above) and more convenient for data interpretation to measure isotope ratios
instead of absolute amounts of isotopes, although absolute amounts of isotopes, obtainable adding a spike solution (isotope
dilution method: see Faure and Mensing, 2005 for further details), are needed when we want to date minerals with Eq. (1) above.
Therefore, Eqgs. (2) and (4) can be transformed by dividing each member by a reference isotope, which is usually a stable
non-radiogenic isotope of the same element, e.g., for Eq. (3)
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D D, No (ei.r _ 1)

= + 5
D, ref D, ref Dref ( )

When more than one stable non-radiogenic isotopes are available for normalization, the choice is for the one with the abundance
closer to that of the radiogenic isotope, which corresponds to the best precision obtainable on the isotope ratio measurement with a
mass spectrometer (see also Richards and Noble, 1998). Eq. (5) shows that the variability of the ratio D/D,,sin geological materials,
assuming the same value of D,/D,s (i.e., a homogeneous magma or fluid from which the mineral forms), depends on two main
parameters: the time t and the ratio Ny/D,.r. When a mineral crystallizes from an isotopically homogeneous magma or hydrothermal
fluid the radiogenic to non-radiogenic stable isotope ratio (D,/Dy.y) is the same as that of the reservoir (magma or fluid) from which
it has formed. This is so because the proportion in which D, and D, are taken by the mineral is the same as that of the magma or
fluid from which the mineral has crystallized/precipitated, because both D, and D, are isotopes of the same element and therefore
have a very similar geochemical behavior. Potential subtle changes due to kinetic and equilibrium fractionation effects are
overwhelmingly masked by the much larger changes due to the effect of radioactive decay through time and the decoupling
between parent and daughter isotopes (No/D,) in different geological materials, highlighted by Eq. (5).

Eq. (5) shows that each mineral (or geological material, like a bulk rock or Earth’s reservoir) preserves a memory of its initial
isotopic composition (D,/D,,), i.e., the isotopic composition that it had at a certain time t in the past that corresponds to a
significant geological event, like the crystallization of a mineral from a magma or a fluid. Examining more in detail Eq. (5) we can
distinguish three end-case scenarios:

(i) Systems in which D,/D,.¢ ~0. In such a case Eq. (5) reduces to

D No
= et -1 6
Dy D,ef( ) (6)

i.e., the amount of radiogenic isotope measured today corresponds entirely to the amount formed in situ by radioactive decay. This
equation, in the form of Eq. (1), can be used to determine the absolute age of a mineral

1, (D"
t:Iln(ﬁo+l) (7)

Typical examples of systems that have such a behavior are zircon and molybdenite, which incorporate from the surrounding
environment significant amounts of a radioactive parent (U and Re respectively) but virtually no radiogenic daughter isotopes (i.e.,
Pb and Os, respectively). Such systems are ideal for dating because Eq. (7) can be easily solved for t by measuring D* and N, and

knowing the constant A:
206
1 Pb, )
=z In|mg— +1 8
7238 (238 U, (8)

1 18705,
tzﬁln(7187Reo +1 (9)

2238 and A'%7 are

t

where the indices “0” indicate the number of atoms measured in the zircon and molybdenite at present time and
the decay constants of 2**U and '®”Re respectively.

(ii) Systems in which Ny/D,.f ~0. In such a case Eq. (5) reduces to

D Dy
= 10
Dref Dref ( )

i.e., the ratio of radiogenic to non-radiogenic isotopes measured today is the same as that of the reservoir from which the mineral/
rock/reservoir has formed at time t. This is the case of minerals like galena (PbS) for Pb isotopes, osmium-iridium alloys, Os-rich
laurite (RuS;) and chromite (FeCr,0,4) for osmium isotopes, and apatite (Cas[PO,]s|OH,CL,F]) for Sr isotopes, because in these
minerals the ratio No/Dyes (i.e., 2>5U/2*Pb, '®7Re/'®30s, and ®"Rb/*°Sr) is virtually 0. The same situation also occurs for all
geological materials (i.e., minerals, rocks, reservoirs) recently formed (t ~ 0), since there has not been enough time to allow the
growth of the radiogenic isotope from the decay of its parent and the second term on the right-hand side of Eq. (5) reduces to 0.

(iii) Systems which incorporated both parent and daughter elements in measurable amounts at the time of their formation. In such
a case Eq. (5) must be considered in full. This represents by far the most common case for minerals and applies to all rock types
and Earth'’s reservoirs (e.g., mantle, crust).

Radiogenic isotopes as tracers of fluid-rock interactions

For source tracing, characterization of the fluid plumbing system and fluid-rock interaction, only radiogenic to non-radiogenic
isotope ratios corresponding to the time of the mineralization formation must be considered, because only these reflect the isotopic
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composition of a certain element when the ore mineral formed. In order to do this, we have two options: (1) either analyze minerals
that behave like systems (ii) above, i.e., have No/D,.f equal to 0, or (2) correct minerals that behave like systems (iii) above for the
time-integrated decay of the parent (N, # 0). The preferred solution between the two above (1 and 2) is the first one (1) because it
avoids the need to measure the concentrations of parent and daughter isotopes and the age of the mineralization (t), and, most of
all, avoids uncertainties in the calculated age-corrected value that are related with potential open-system behavior. The latter is quite
common, especially for older mineralization that may have undergone different geological events. If no minerals with No/D,f ~ 0
are available, then minerals with the lowest possible values of Ny/D,.r should be utilized to reduce the uncertainties due to
time-integrated corrections discussed above (see examples below for Pb isotopes).

It is important to point out that any isotope composition (radiogenic or stable) of a mineral deposit is the outcome of various
metallogenetic processes. In fact, any mineral deposit formed by a hydrothermal fluid (i.e., the greatest majority of primary mineral
deposits, except those of orthomagmatic origin) is the result of three main steps (Fig. 3): (i) a source region of fluid and/or metal(s);
(ii) a fluid path through which physico-chemical properties of the fluid may change due to fluid-rock interactions and metals can be
either lost (precipitated) or gained (leached from the rocks) by the fluid; (iii) a deposition site where the metals are precipitated
from the fluid in economic concentrations due to various physico-chemical and even biological reactions. The volumes of the
regions involved in steps (i) and (ii) are usually much larger than the volume into which the final mineralization is confined
(Fig. 3). In some cases, the flow path may be very short, with the deposition site being very close to the source (e.g., porphyry
deposits), or metals can be directly precipitated within their source without the need of a fluid transport (orthomagmatic deposits).
Isotope compositions will be affected by each one of these steps and their final composition is the integrated signal of all the three
steps. This means that a sound interpretation of isotopes (radiogenic, light and heavy stable non-radiogenic) as metal and fluid
tracers and of fluid-rock interactions is possible only if based on a well-established geologic and metallogenetic model applied to
specific mineral deposit types (see below).

Below we discuss the Pb and Os isotopic systems and their ability to track sources, hydrothermal fluid plumbing and fluid-rock
interaction in mineral deposit studies, because these isotope systems are the most used for metallogenetic applications, due to the
fact that, among various potential radiogenic isotope tracers, only Pb and Os are incorporated at significant levels into metallic ores.
However, it should be mentioned that other radiogenic isotope tracers, like Sr, Nd and Hf, are used in metallogeny. These elements
are incorporated in various minerals, both hydrothermal and magmatic, that are associated with different mineralization types
and can provide additional information on fluid sources, plumbing systems, and evolution of magmas intimately associated
with specific types of mineral deposits (e.g., porphyry systems). A short reference to these isotope systems will be made where
appropriate. Similarly, although this section is focused on radiogenic isotopes, in places we integrate the discussion with
information derived from light stable isotopes (e.g., H, O, S). These elements compose a significant (S) to major (H, O) proportion
of the hydrothermal fluids and also of the rocks (O), and therefore provide essential information about fluid sources and fluid-rock
interactions.

Lead isotopes

The lead-lead isotope system is the most widely used for tracing metal sources, fluid paths, and fluid-rock interactions (Richards and
Noble, 1998; Tosdal et al., 1999). The success of this system stems from three features: (i) Pb is a base metal which is a primary
commodity in many mineral deposits and is often associated with other base metals like Zn and/or Cu, e.g., in volcanic-hosted
massive sulfide (VHMS), sediment-hosted massive sulfide (SHMS) deposits, porphyry and skarn deposits, and also with
precious metals Ag and Au, e.g., in epithermal deposits; (ii) Pb has the property, among radiogenic isotopes, to have two radiogenic
isotopes (*°°Pb and 2°“Pb) derived from two isotopes of the same parent element (***U and 2*°U, respectively), and a
third radiogenic isotope (*°*Pb) derived from the isotope of another element (**°Th), besides one stable non-radiogenic isotope
(*°*Pb). This provides the unique opportunity to evaluate lead isotope data in a tridimensional isotope space
(?°°Pb/2°*Pb-2""Pb/?**Pb-2°*Pb/?°*Pb) as compared to the unidimensional isotope space of the Re—Os, Rb—Sr, Sm—Nd, and
Lu—Hf systems; (iii) the Pb—Pb system has been one of the first to be investigated in detail during the 20th century (e.g., it was
used to determine the age of the Earth as we know it nowadays; Patterson, 1956) and therefore it has a long and consolidated
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Fig. 3 Simplified sketch of the formation processes of a mineral deposit (see text for discussion).
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tradition among isotope geochemists. Because of these reasons we will dwell more on Pb isotope systematics related to mineral
deposits, but it will appear that many of the concepts applied to the Pb isotope interpretation of ore systems also apply to other
radiogenic (and stable) isotope systems. There are so many studies of Pb isotopes applied to mineral deposits, and with such
variable and deposit-dependent interpretations that we have chosen to provide a more conceptual approach to the use of Pb
isotopes in metallogeny rather than describing a series of real case applications. In the frame of conceptual interpretations of a
number of deposit types we mention studies on specific deposits or mineral belts and shortly illustrate a few of them.

Since the formation of the Earth about 4.55 Gyr ago from the accretion of chondritic material, which had a specific Pb isotope
composition inherited from the solar nebula and identified by the isotopic composition of the troilite of the Canyon Diablo
meteorite (Tatsumoto et al., 1973), the ratios of radiogenic Pb isotopes (*°°Pb, 2°”Pb, 2°®Pb) to the primordial non-radiogenic
isotope (***Pb) have continuously increased due to the presence of initial amounts of primordial U and Th in the chondrite and the
fact that 233U, 2*>U and ?*?Th have long half-lives (i.e., they decay very slowly and are still present nowadays in the Earth: Table 1).
Various models have been proposed for the Pb isotope evolution of the silicate Earth through time, which have considered either
the silicate Earth as a homogeneous material with fixed U/Pb and Th/Pb ratios (single-stage Holmes-Houtermans model: Holmes,
1946; Houtermans, 1946), or with changing U/Pb and Th/Pb ratios through time (two-stage model and continuous change model:
Stacey and Kramers, 1975; Cumming and Richards, 1975). In these models, the rates of increase of the various isotope ratios differ
to accommodate observed isotopic compositions of galenas associated with stratiform deposits (e.g., VHMS-type and SHMS-type
deposits) of known age, that were supposed to represent the Pb isotope evolution of the bulk Earth. Lead in galenas is only initial
(common) lead (Eq. 10) and therefore reflects the lead isotope composition of the Earth’s system frozen at the time of the deposit
formation: the aim of the model evolution curves is to fit the model Earth’s evolution to that of the stratiform galenas. The common
lead of galenas that falls on the model evolution curves is called ordinary. It was soon realized that other galenas, however,
contained common lead that did not fall on the model evolution curves but rather along linear trends and this was defined
anomalous lead (see below), suggesting that it was derived from a more complex evolution than that of a single-stage, two-stage, or
continuous change models (e.g., Kanasewich, 1962; Kanasewich and Farquhar, 1965). Lead of galenas from certain deposits also
had very radiogenic values falling significantly to the right of the end-points of the Earth’s evolution models, suggesting the
occurrence in the Earth of reservoirs with extremely high U/Pb ratios (see below).

Subsequently, other models have been developed to approximate the Pb isotope evolution of different Earth’s reservoirs
(mantle, upper and lower crust, orogen) on a global or regional scale (e.g., Zartman and Doe, 1981; Zartman and Haines, 1988;
Kramers and Tolstikhin, 1997). These models address the more realistic and complex evolution of Pb isotopes through time in the
different layers into which an initially uniform Earth has differentiated (e.g., oceanic crust, upper and lower continental crust,
mantle). It is common practice to plot lead isotope compositions of ore and rock samples in two isotope plots (uranogenic, i.e.,
207ph/204ph-296ph/2%4Ph and thorogenic, i.e., 2°Pb/?°*Pb-2°°Pb/?**Pb) together with reference curves from any of the model
evolution curves of the Earth (Fig. 4). The model curves allow us to better visualize the distribution of the analyzed samples in the
lead isotope space with respect to known evolution models of the bulk Earth or of its different reservoirs. All model curves are
variably concave downwards in the uranogenic plot and nearly straight lines in the thorogenic plot (Fig. 4). The shapes of the curves
in these two plots are controlled by the different decay rates of the radioactive parents (**>U and ?>®U: Table 1) and by the fact that a
very little amount of primordial ***U remains in the Earth today so that there has been very little growth of radiogenic °Pb since
~400 Myr (Fig. 4). Curves displaced towards higher 2°”Pb/?°*Pb values in the uranogenic plot are associated with evolutions
through higher U/Pb (n = 28U/2°*Pb) values of the reservoir. Curves displaced towards higher 2°*Pb/2°*Pb values in the thorogenic
plot are due to higher Th/U ratios of the reservoir. Therefore, the broad isotopic variability of lead in Earth’s materials is the coupled
result of the time at which the geological material formed and the U/Pb and Th/U compositions of the reservoir from which this
material was ultimately derived.

The evolution curves of the plumbotectonics model (Zartman and Doe, 1981) are particularly useful to extract general
information about the main reservoir(s) (e.g., upper or lower crust, mantle) from which a magmatic rock or ore lead is derived.
In the uranogenic plot, for instance, upper crustal rocks plot at high 2°“Pb/?°*Pb values, whereas mantle-derived and lower crustal
rocks plot at significantly lower 2°”Pb/?**Pb values for similar 2°°Pb/?°*Pb values (Fig. 4a). In the thorogenic plot, the distinction
between upper crustal and mantle rocks is less evident whereas the lower crust imprint is clearly shown by higher 2°*Pb/?°*Pb at
similar 2°°Pb/2°Pb values (Fig. 4b). However, more detailed information on source(s) and plumbing hydrothermal system can
only be obtained by analyzing potential source rocks in the region of the mineralization and compare them with the ore lead
signature, as explained below.

Principles and general uses of lead isotopes in metallogeny

Let us imagine that we analyze a certain number (e.g., N = 10) of ore samples from a certain type of mineral deposit (see Richards
and Noble, 1998 for strategies about the number of samples to be collected). The first question to address is whether the isotopic
compositions measured are those of the lead carried by the fluid from which the analyzed ore samples formed or not. In fact, we can
extract metallogenetic information, e.g., about the source of the lead and the fluid-rock interaction, only from the lead isotope
composition of the fluid at the time of the deposit formation, as already discussed above. Ideally, we should use minerals that
behave like systems (ii) above (Eq. (10)), e.g., galena (PbS), Pb-sulfosalts (e.g., boulangerite PbsSb,S,,), cerussite (PbCO3),
anglesite (PbSO,).

If such minerals are unavailable, then Eq. (5), which for Pb can be rewritten as
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(11)

26 pp 29pp 2387 38,
304y, = 0ip, + 04y, (e - 1)

today initial today

tells us that the lead isotope composition of any geological Pb-poor ore sample analyzed today is the result of an initial amount of
Pb (also called initial or common Pb), incorporated by the sample at the moment of its precipitation from the fluid, plus the
amount of lead produced by the decay of the parent isotope within the sample until the time of measurement
* 8U/204Pbmday(e>‘23 8_1): also called radiogenic lead). The isotopic composition of the initial common lead incorporated
(?°°Pb/2°*Pbjpitia) Will be that of the fluid from which the mineral has precipitated. Different Pb-poor ore samples from the
same mineral deposit may have different present-day lead isotope compositions, because they incorporated U and Pb in variable
proportions, which will result in different present-day isotopic compositions (Eq. (11)), despite having the same initial lead isotope
composition, i.e., that of the lead that was carried by an isotopically homogeneous fluid at the time of the ore formation (Fig. 5a).
Conversely, they could have not only different present-day lead isotope compositions, but also different initial lead isotope
compositions if the fluid that precipitated these minerals was isotopically not homogeneous (Fig. 5b). It is therefore essential to
correct the measured isotope compositions of Pb-poor ore minerals by removing the radiogenic lead that has formed after the
precipitation of the mineral itself to give sound interpretations to the lead isotope data (Fig. 5).

Luckily, many Pb-poor ore minerals are sulfides and/or sulfosalts (e.g., pyrite, chalcopyrite, pyrrhotite, tetrahedrite, arsenopyrite)
that incorporate Pb in much higher amounts than radioactive parents (U and Th). Fig. 6 shows simulations of the amount of
correction that is required for typical Pb-poor sulfides, which may contain Pb at ppm level and U at ppb level. It is evident that for
Pb-poor sulfides up to 100 Ma old the correction is insignificant even for relatively elevated p (>*U/?**Pb) values (up to 2), but for
increasingly older ages the correction becomes significant depending on the U/Pb of the mineral. Therefore, for these older Pb-poor
samples (>100 Ma old) it would be safer to apply a correction for time-integrated decays of U and Th. This requires knowledge of
the age of the mineralization, measurement of the U, Th and Pb concentrations of the ore sample and the assumption of a closed
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system. It is important to notice that Pb-poor ore minerals may sometimes contain microinclusions of U-rich minerals that can
result in extremely radiogenic bulk-mineral Pb isotope compositions. This could be the cause of the very radiogenic Pb isotope
compositions of sulfides and Fe-oxides associated with IOCG-type mineralization (e.g., Requia et al., 2003).

Once the initial Pb isotope compositions of the minerals have been obtained by either one of the two methods above, these will
correspond to the isotope compositions of the fluid from which those minerals have been precipitated because there is no
quantifiable fractionation between fluid and mineral for radiogenic isotopes (see above). These isotope compositions can therefore
be used for metallogenetic interpretations.
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Three end-member situations may occur regarding the topological distribution of lead isotope compositions of ore samples
from the same deposit, from the same mineral district, or at the regional scale, in the 2-dimensional Pb isotope spaces
(ZOSPb/204Pb_206Pb/204Pb and 207Pb/204Pb_206Pb/204Pb):

1. Ore samples have homogeneous Pb isotope compositions (within analytical uncertainty or slightly beyond) clustering in a
narrow bivariate isotope space field.

2. Ore samples have heterogeneous Pb isotope compositions (well beyond analytical uncertainty) and define linear arrays in
bivariate isotope spaces.

3. Ore samples have heterogeneous Pb isotope compositions (well beyond analytical uncertainty) with a distribution that can be
enclosed into a polygonal space in bivariate plots.

These topological arrangements correspond to distinct situations to which a general metallogenetic explanation can be
attached. Let us examine them separately, considering, for the sake of simplicity, only the uranogenic 2-dimensional plot
(207Pb/204pb_206pb/204pb)

Homogeneous Pb isotope compositions

When a representative number of samples from the same mineral deposit, district or at the regional scale have the same or very
similar isotopic compositions this implies that the fluid that precipitated the ore was isotopically homogeneous. However, isotopic
compositions of ore minerals alone do not allow us to further our understanding of the potential lithological sources and the
fluid-rock interactions in the hydrothermal plumbing system. To do so we need the additional analysis of potential source rocks
(i.e., magmatic, sedimentary, metamorphic) in the area of the deposit, in order to compare their isotopic compositions with those
of the ores.

Different from sulfide and sulfosalts, the U/Pb and Th/Pb ratios in rocks are much higher (in most cases p > 8) and therefore
isotopic compositions of all rocks of non-0 age should be corrected for time-integrated decay of U and Th at the time of ore
formation in order to be comparable with the ore. This is especially true for magmatic rocks, because magmatic fluids have the same
radiogenic isotope composition as the magma from which they have exsolved at the time of magma crystallization. In the case of
fluids leaching rocks, the situation may be more complex, because radiogenic and common lead in rocks behave differently during
leaching, depending on the mineralogy of the rock (Chiaradia and Fontboté, 2003). This may result in more complex isotopic
systematics of the leached fraction of the rocks that do not correspond to their time-corrected values at the age of the mineralization
(see Chiaradia and Fontboté, 2003, for a discussion on this matter).

If the homogeneous Pb isotope composition of the ores falls within the isotopic field of one of the lithologies of the area (or its
leachates) then it is likely that the Pb contained in the fluid was derived entirely from that lithology (Fig. 7a). Of course, this
interpretation must be done in the light of the knowledge of the type of the mineral deposit (see examples below). If the
homogeneous ore isotopic composition falls between two potential end-member sources (Fig. 7b), or within a triangle or even
polygon defined by three or more potential sources (Fig. 7c), then it is likely that ore lead is the result of homogenized mixing in
fixed proportions of those 2, 3 or more potential sources. Homogeneous ore isotopic compositions could also result from the fact
that the potential source rocks have identical (Fig. 7d) or very similar (Fig. 7e-f) isotopic compositions. Simple 2- and
3-end-member mixing equations can be used to quantify the proportions of Pb contributed from each source. The Pb isotope
system allows quantification of up to 4 different potential sources (A, B, C, D) because of its 3 radiogenic isotopes, which result in
three independent isotope mixing equations

206Pb 206Pb ZOGPb 206Pb 206Pb

= + + + 12
204 Pb, . 204 Pb, 204 Pb, 204 Ph, 204 Pb,, (12)
207 py, W7py,  207py  207pp, 207y (13)
= + + +
204 Ph, . 204 Pb, 204 Ph, 204 Ph, 204 Pb,,
208 py, 208p,  208py  208pp, 208y (19)
= + + +
204 Ph, . 204 Pb, 204 Pb, 204 Ph, 204 Pb,,
and a fourth one
A+B+C+D=1 (15)

which is the mass balance equation of the 4 different sources, where A, B, C, D are the fractional Pb contributions of each source (i.e.,
we have a system of 4 independent equations that allows its solution for 4 unknowns). In comparison, Os, Sr, Nd and Hf isotope
systems, having just one radiogenic isotope, allow the quantification of mixing between only two sources.

From a hydrothermal plumbing or fluid-rock interaction perspective, homogeneous Pb isotope compositions suggest different
possible scenarios: (i) the fluid has not interacted significantly with rocks outside its isotopically homogeneous source region
because the precipitation site was very close to or even within the source region (Figs. 3 and 7a); (ii) all rocks involved in the ore
process had very similar isotopic compositions (Figs. 3 and 7d-f); (iii) the rocks with which the hydrothermal fluid interacted
outside its source region had very low Pb contents compared to the source, so that even if they were more or less heavily leached by
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Fig. 7 Hypothetic examples of possible interpretations of the geological meaning of homogeneous Pb isotope compositions of ores (black dots) from a
mineralization compared to hypothetic lithologies (1, 2, 3) occurring in the area of the mineralization. In (a) the ore Pb isotope composition overlaps the compositional
field of lithology 1 suggesting that all Pb could be sourced from this lithology. In (b) ore Pb falls on a line joining lithologies 1 and 3 suggesting that it could be

the result of a homogeneous mixture of Pb from isotopically different leads of the two lithologies. In (c) ore lead is comprised within a triangle having as apexes the

three lithologies suggesting the it could be the result of homogeneous mixing of isotopically different leads from the three lithologies. Panels (d), (e), (f) show
the same situations for lithologies 1, 2, 3 that are isotopically very similar.

the fluid they could not contribute any significant Pb (Figs. 3 and 7a); (iv) the fluid of the source region did not carry significant Pb
and all Pb present in the ore minerals was inherited from the isotopically homogeneous rock along the flow path and/or at the
precipitation site (Figs. 3 and 7a); (v) fluids from isotopically different sources and or interacting with isotopically different
lithologies along their paths have been efficiently homogenized through some process before the ore precipitation (Figs. 3 and
7b and c). It is clear that a multi-isotope approach, i.e., combining radiogenic with light and heavy element stable isotopes, would
allow us to further narrow down the different possible scenarios above and to develop a more realistic model.
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Heterogeneous Pb isotope compositions
When lead isotope compositions of ore samples of a deposit (or also of different deposits at the district or regional scales) are
heterogeneous and define linear trends in the isotope space (Fig. 8a) this means that they are the result of mixing between two
relatively homogeneous sources (although another possibility is that they correspond to secondary isochrons defined by the Pb
isotope evolution of a single source: see below). Cloudy distributions indicate variable contributions from three or more
isotopically distinct sources (Fig. 8b and c). Also in this case the proportions of lead from the two (or more, up to four) sources
can be quantified and will be different from sample to sample, opposite to the case above of a homogeneous mixing between two or
more sources.

From the perspective of the hydrothermal plumbing system and fluid-rock interaction, this topological configuration tells us that
fluid homogenization was incomplete at the mineral, deposit, district or regional scale, depending on the scale of sampling. This
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Fig. 8 Examples of heterogeneous Pb isotope signatures of ore samples from a hypothetic mineralization. In (a), (b) and (c) ore samples are the result of binary,
ternary and quaternary mixing of lithologies L1, L2, L3 and L4 (red circles), with random potential contributions between 0% and 100% for each source. In (d),
(e) and (f) ore samples are the result of binary, ternary and quaternary mixing of lithologies L1, L2, L3 and L4 (red circles), with random potential contributions
between 0 and 100% for L2 and between 0 and 30% for L1, L3 and L4. Evolution curves for Upper Crust (UC), Orogen (OR), Mantle (M) and Lower Crust (LC)
are from Zartman and Doe (1981).
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requires, therefore, specific conditions in the hydrothermal plumbing and/or fluid-rock interaction processes. The differences in
isotopic compositions and, therefore, in proportions of lead contributed from the two (or more) sources in relation with the spatial
distribution of the samples and/or with their temporal position in the paragenetic sequence may reveal patterns of fluid flow and/or
fluid-rock interactions changing through space and/or time that will help to understand the causes of the incomplete mixing. The
end points of these mixing trends do not necessarily correspond to the isotopic compositions of the source rocks. Fig. 8d-f illustrate
cases in which the contributions from one or more of the potential sources are subordinate, due to a lower fluid interaction with
these rocks or to their lower Pb content. In such cases the mixing trends do not cover the entire isotopic variability defined by the
sources. These examples show the importance of the measurement of the isotopic compositions of potential source rocks associated
with a mineral deposit to quantify fluid-rock interactions and the contributions from different sources. Below we illustrate some
conceptual and real examples that correspond to homogeneous and heterogeneous Pb isotope compositions for different types of
mineralization, namely porphyry systems, VHMS deposits, stratiform Cu deposits and MVT deposits and complement the
discussion with information derived from light stable isotopes.

Porphyry systems

Porphyry systems include different types of mineralization distributed within and around the shallow (1-6 km depth) porphyry
intrusive complex associated with deeper (5-15 km depth) parental magma chamber at convergent margins (Sillitoe, 2010). The
mineralization types include porphyry deposits, high- and intermediate-sulfidation epithermal deposits, skarn, carbonate replace-
ment deposits, sediment-hosted Au deposits at increasing lateral distances from the porphyry fingers and high- to intermediate
sulfidation deposits above the porphyry complex at shallower levels than the porphyry deposit mineralization (Fig. 9).
Low-sulfidation epithermal deposits could also be inserted in this model, at greater distance from the magmatic source (Fig. 9;
e.g., Hedenquist et al., 2000), although porphyry systems form preferentially in compressive settings whereas low-sulfidation
epithermal deposits form preferentially in extensional settings, resulting in the rare spatial and temporal coexistence of the two
mineralization styles (Cooke and Simmons, 2000).

In the porphyry metallogenetic environment there are two main types of fluids: magmatic fluids (green arrows in Fig. 9),
emanating from the cooling parental magma chamber and transferred through the porphyry complex into the adjacent wall rocks,
as well as non-magmatic fluids, circulating through the wall rocks but also infiltrating and exchanging with the magmatic rocks and
fluids (blue arrows in Fig. 9). The non-magmatic fluids may be chemically and isotopically different from the magmatic ones, as
they have fully or partially equilibrated with rocks that can be variably older and lithologically (and therefore also isotopically)
different from the intruding magma. In porphyry systems such non-magmatic hydrothermal fluids are in most cases chemically and
isotopically exchanged meteoric fluids (e.g., Sillitoe, 2010). However, depending on the location and emplacement depth, basinal
brines, and/or also metamorphic fluids derived from dehydration or decarbonatization of the country rocks hosting the intrusion,
either during contact metamorphism related to skarn formation and/or regional metamorphism, may also be important (Shanks III,
2014). As all these fluids have distinct hydrogen and oxygen isotope compositions (e.g., Sheppard, 1986), measurements of the
stable isotope compositions of H- and O-bearing gangue and, more rarely, ore minerals (e.g., oxides, hydroxides) are commonly
used to estimate the origin of the fluids responsible for ore and associated gangue mineralization (c.f., Ohmoto, 1986, Taylor Jr,
1974, 1997; Shanks III, 2014).

The sketch of Fig. 9 highlights the spatial difference of the dominant fluid type within porphyry systems, i.e., dominant
magmatic fluid in the deposit types formed close to the porphyry complex (proximal positions) and increasing contributions
from non-magmatic fluid in the deposit types formed at farther distances from the porphyry complex (distal positions). However,
we must also consider the change in fluid proportions during the lifetime of the porphyry systems. Magmatic fluids occur for
geologically short-lived periods because they are associated with the relatively rapid saturation and cooling of a magmatic pulse.
In contrast, external, non-magmatic fluids may have much longer lifetimes. This results in fluctuating proportions of magmatic to
non-magmatic fluids in various positions of porphyry systems, with an overall increasing contribution of non-magmatic fluids,
even in proximal positions, in the late stages of the mineralization, when the magmatic pulses and the associated magmatic fluids
wane out. Li et al. (2018), using in situ O isotopes on quartz (measured by SIMS), have shown a fluctuating proportion of magmatic
to non-magmatic fluids in the porphyry Cu—Mo deposit of Qulong (Tibet, China) through time, reflecting the pulsed nature of the
magmatic fluid which, during the waning stage, is overtaken by the meteoric fluid.

The sketch of Fig. 9 shows that porphyry Cu—Mo—Au deposits, proximal skarn deposits and high-sulfidation lode Cu—Au
deposits are formed close to the magmatic system, i.e., they are formed by dominant magmatic fluids (fluid paths 1, 2), except,
possibly, for the late waning stages of magmatic activity, as discussed above. It can be expected that the Pb isotope composition of
these deposits, considering the relatively elevated Pb contents of magmatic-derived fluids in the porphyry environment
(Kouzmanov and Pokrovski, 2012) and the relatively high-temperature deposition of ore minerals (i.e., from dominant magmatic
fluids during the early-middle stages of the mineralization), will coincide with that of the magmas associated with the mineralizing
system. Therefore, these deposits should correspond to the Pb isotopic topology of Fig. 7a above, in which lithology 1 is the magma.
This is supported by various lead isotope studies that have been carried out on porphyry systems of the Andes, e.g., El Salvador
(Zentilli et al., 1988; Tosdal et al., 1995) and Rio Blanco-Los Bronces (Tilton et al., 1981; Tosdal and Munizaga, 2003; Kurtz et al.,
1997), which are characterized by homogeneous Pb isotope signatures coinciding with those of the associated magmatic rocks (see
summary in Tosdal et al., 1999). Field et al. (2005) and Rye (2005) concluded that also the range of sulfur isotope compositions of
sulfide minerals is largely compatible with a magmatic origin of the sulfur in porphyry systems.
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The isotopic compositions of the magmas may be more or less homogeneous depending on the petrogenetic processes that
usually consist of the interaction of mantle-derived magmas with crustal rocks in a subduction-related environment. Therefore, an
accurate petrological, geochemical and isotopic study of the magmatic rocks (also including Sr, Nd and Hf isotopes) can provide
additional constraints on the metallogenetic processes in porphyry systems. In particular, radiogenic isotope studies of magmatic
rocks associated with porphyry systems may help us to evaluate the importance of continental or oceanic crust assimilation by the
magmas (e.g., Chiaradia et al., 2009; Chiaradia and Fontboté, 2001; Chiaradia, 2009) and subducted sediment incorporation in the
mantle source (Sillitoe and Hart, 1984; Chiaradia and Fontboté, 2001; Chiaradia, 2009). Besides the conventional light stable
isotope compositions, studies of other transition metal stable isotopes on magmatic rocks potentially associated with porphyry
systems could also be of potential interest (e.g., Wang et al., 2021a, 2021b; see also the section on transition metal stable isotopes).

High-sulfidation epithermal disseminated Au—Ag—Cu deposits, formed more distally to the porphyry complex, may also be
characterized by homogeneous, dominantly magmatic, Pb isotope compositions as highlighted by the path of fluids forming these
deposits that occurs mostly if not entirely within magmatic rocks associated with the mineralizing system (fluid path 1 in Fig. 9). For
instance, both Pb- and S-isotope compositions for the enigmatic El Mochito (Honduras) epithermal carbonate replacement
Zn-Pb + Ag skarn deposit support a magmatic origin for both S and Pb, despite the fact that there is no known igneous intrusion
in the vicinity of this mineral deposit (Ault and Williams-Jones, 2004). The ore mineralization at El Mochito is structurally
controlled, occurring together with garnet and pyroxene skarns, as a high temperature Pb—Zn mineralization along faults or
lithologic boundaries between shales and carbonates (Vazquez et al., 1998). Because the Pb-isotope compositions of the sulfide ore,
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as well as that of the recrystallized wall-rock limestones, are very similar to those of nearby ignimbrites, it is proposed that the
intrusive equivalent of these ignimbrites ultimately represents the magmatic source of the metals and also of the sulfur. The C- and
O-isotope compositions of the carbonates, which are strongly zoned towards the ore mineralization, together with the garnet and
pyroxene O-isotope compositions, as well as the H- and O-isotope compositions of fluid inclusions within sulfides and garnet,
support mixed meteoric-magmatic fluids as the transporting solutions for the ore minerals (Vazquez et al., 1998).

Mineral deposits of the porphyry systems that are increasingly distal and lateral with respect to the mineralizing magmatic
system (e.g., distal skarns, carbonate-replacement, sediment-hosted distal disseminated, intermediate sulfidation epithermal
deposits: fluid paths 3, 4, 5 in Fig. 9) as well as low-sulfidation epithermal deposits are generally characterized by a decreasing
contribution of magmatic fluid and an increasing proportion of non-magmatic fluids. This is commonly best characterized by
conventional stable isotope measurements of ore and gangue minerals and their included fluids (Shanks III, 2014), which often
indicate the presence of significant amounts of meteoric fluids in the more distal parts and/or the later stages of ore mineralization
(Sillitoe, 2010; Taylor Jr, 1997; Shanks III, 2014). Both the S and the O-isotope composition of sulfates, often present in the later
stages of mineralization, also suggest crustal sulfur sources with higher values of 5>*S. This may either reflect assimilation of wall
rocks having higher but diverse §>*S values in sulfide or sulfates, or a post-magmatic origin for the late-stage sulfate mineralization
crystallizing in the presence of meteoric fluids (see also Field and Gustafson, 1976; Bowman et al., 1987; Vennemann et al., 1993;
Ohmoto and Goldhaber, 1997; Ault and Williams-Jones, 2004; Field et al., 2005; Shanks III, 2014). The H- and O-isotope
compositions thus suggest that late-stage, meteoric fluids may often recrystallize pre-existing ore mineralization, resetting the
gangue minerals and refocusing the ore mineralization in porphyry systems, albeit meteoric water is not necessarily introducing new
metals to the ore (Sillitoe, 2010).

In the distal positions of the porphyry system (Fig. 9), the ore Pb compositions may deviate more or less significantly from the
magmatic composition depending on the Pb isotope and Pb content contrast between magma (supplier of the Pb to the magmatic
fluid) and host rocks (suppliers of Pb to the meteoric and/or basinal fluids) (Fig. 9). Additionally, even if these deposits were
dominated by a magmatic fluid, the latter unavoidably interacts with host rocks before reaching the distal sites of metal deposition
and may therefore leach variable amounts of non-magmatic lead depending on the paths followed and the geological environment
of the deposit (see Ault and Williams-Jones, 2004 in the case of a Pb—Zn carbonate replacement skarn). Therefore, these deposits
may be characterized by heterogeneous isotopic compositions following linear trends (2-end member mixing: Fig. 8a and d) or
cloudy distributions (3 or more end-member mixing: Fig. 8b, ¢, e and f).

The different degrees of mixing illustrated by the different isotopic compositions of samples from the mineralization in Fig. 8
could correspond to different spatial positions of the samples within the deposit (e.g., more proximal or distal, reflecting different
degrees of magmatic fluid-host rock interaction and/or different degrees of mixing between magmatic and meteoric fluids).
However, they could also be related to samples belonging to different periods of mineralization within the paragenetic sequence.
Under this point of view, ore minerals may be characterized by different proportions of magmatic versus non-magmatic lead
through time, as well as gangue minerals (e.g., quartz) may be precipitated by fluctuating proportions of magmatic and
non-magmatic fluids as inferred from O isotopes (see above). For instance, an increase of the non-magmatic Pb component
could occur in the final stages of the mineralization when a thermal collapse of the magmatic-hydrothermal system occurs, or in the
very initial stages when magmatic fluids have not yet been exsolved and the only fluid present is the meteoric fluid in the wall rock
lithologies, or be cyclic (see above). Another possible scenario is that there is an increase of the magmatic Pb contribution through
time if the magmatic fluid follows a path in which its contact with the non-magmatic host rock has been sheltered by an alteration
halo formed by previous passages of the magmatic fluid (Fig. 10).

There are several examples in the literature of heterogeneous Pb isotope signatures in more or less distal mineralization types of
the porphyry system and in low-sulfidation epithermal deposits (Richards et al., 1991, see also Richards and Noble, 1998) that
imply a mixing between magmatic and non-magmatic (host rocks) Pb sources. Tosdal et al. (1999), for instance, highlight that ore
minerals of the Bagdad porphyry Cu—Mo deposit (Arizona) display isotopic differences depending on their occurrence within
broadly syn-mineral granitoid magmatic rocks (?°°Pb/?°*Pb = 18.40-18.51) or in Proterozoic host rocks
(?°°Pb/?**Pb = 18.58-20.0). Peripheral deposits of the same system display also more radiogenic signatures
(?°°Pb/?°*Pb = 18.80-18.95) than the granitoid-hosted ones. In this case the isotopic differences are enhanced by the strong
isotopic contrast between Cretaceous magmatic Pb (2°°Pb/?**Pb ~ 18.4-18.5) and significantly more radiogenic Pb of Proterozoic
host rocks (*°°Pb/***Pb = 19.21-20.16). This is in contrast with the above mentioned homogeneous and entirely magmatic
signatures of giant porphyry deposits of the Andes (EI Salvador, Rio Blanco-Los Bronces). One may raise the question whether
an external (host rock) contribution of Pb in the latter deposits could have been masked by the fact that host lithologies are
magmatic rocks broadly coeval with the deposit formations and therefore of very similar isotopic compositions to that of the
magmatic rocks associated with the mineral deposit (e.g., Fig. 7d-f).

Another example is provided by Pb isotope compositions of pyrites and galenas from the Miocene high-sulfidation epithermal
deposit of Yanacocha, Peru (Merino, 2009). Despite the dominant magmatic origin of fluids in high-sulfidation mineralization
types (Hedenquist, 1987), a part of the Yanacocha ore minerals displays Pb isotope signatures suggesting mixing of magmatic Pb
and Pb leached by the (magmatic?-)hydrothermal fluids from Cretaceous and/or Paleozoic basement rocks (Fig. 11). Light stable
isotopes would be useful in this case to elucidate whether dominant magmatic fluids leached Pb from Cretaceous and/or Paleozoic
basement rocks or whether magmatic fluids mixed with non-magmatic fluids equilibrated with those host rocks.

Another approach in porphyry system studies is the analysis of Pb (and Sr as well as Cl) isotopes in fluid inclusions from
hydrothermal quartz associated with ore minerals, using the bulk crush-leach method (e.g., Pérez, 2012; Rottier, 2017).
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Fig. 12 Sr and Pb isotope compositions of hydrothermal fluids of Cerro de Pasco mineralization (Central Peru) from quartz crush-leach compared to those of ore
minerals, magmatic rocks, carbonate rocks and basement rocks of the area. Data from Rottier (2017).

Interestingly, these studies show that initial Sr isotope compositions of many fluid inclusions are more radiogenic than those of the
associated magmatic rocks. Rottier (2017) measured fluid inclusions in quartz from both the porphyry Cu—Mo veins and from the
epithermal mineralization of the giant porphyry-related epithermal polymetallic deposits of Cerro de Pasco (Peru). Age-corrected
878r/%%Sr values of fluids in both the porphyry Cu—Mo veins and in the epithermal mineralization are significantly more radiogenic
(0.70937-0.71352) than those of the magmatic rocks associated with the mineralization (0.70530-0.70564) and also than those of
host carbonate rocks (0.70827-0.71003) (Fig. 12a). The fluids from the porphyry Cu—Mo veins (0.70975-0.71015) are slightly
less radiogenic than those associated with the epithermal mineralization (0.70937-0.71352). This suggests that radiogenic Sr must
have been leached by magmatic fluids from host rocks, e.g., Mitu sandstone (0.72570) or Excelsior shale and phyllite
(0.75564-0.82616), somewhere deeper in the system. Similarly, in a study of bulk fluid inclusions from 4 porphyry deposits of
the Andean Cordillera (Llurimagua, Ecuador; Toromocho and Antapaccay, Peru; Chuquicamata, Chile), Pérez (2012) found that
Toromocho and Llurimagua were characterized by hydrothermal fluids with more radiogenic Sr than the associated magmatic rocks.

In contrast, Pb isotope compositions of the fluids in the Cerro de Pasco deposits (Rottier, 2017) are similar to those of magmatic
rocks in terms of “°°Pb/?°*Pb values, though slightly more radiogenic in terms of 2°’Pb/?°*Pb (Fig. 12b) and 2°®Pb/?**Pb
compositions. Fluid Pb isotope compositions are nonetheless similar to those of sulfide minerals from the same deposit
(Fig. 12b). This suggests that also Pb isotopes record a non-magmatic Pb signature in the hydrothermal fluids and minerals, despite
in apparently lower proportions compared to the Sr isotope system. This is probably related to the different isotopic and
concentration contrasts between magmatic and host rocks for the Pb and Sr isotope systems.

The above examples illustrate that lead (and other elements) isotope heterogeneities in porphyry systems depend on two main
factors: (i) contrasting Pb concentrations of the contributing sources (Fig. 8a-c vs. Fig. 8d-f), and (ii) contrasting Pb isotope
signatures of the sources (cf., Fig. 7 and Fig. 8). The larger is the isotopic contrast and the lesser is the concentration contrast the more
evident will be the contributions from different sources (Fig. 8a-c vs. Fig. 8d-f).

Volcanic-hosted massive sulfide (VHMS) deposits
VHMS deposits are strata-bound submarine deposits that constitute significant sources of base metals (Cu, Pb, Zn) and sometimes
also of precious metals (Au, Ag). Their formation requires four main “ingredients” (Fig. 13a): (i) seawater; (ii) a magmatic heat
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Fig. 13 Schematic model (a) of a VHMS system. The scheme illustrates two different situations: on the left modified seawater (black dashed arrows) circulate
through and leaches metals from a lithologically and isotopically homogeneous volcanic/volcaniclastic rock (A), whereas to the right they circulate through and leach
metals from lithologically and isotopically different volcanic/volcaniclastic rocks (A, B, C). Seawater is heated by sub-seawater surface magma bodies, which
may also supply fluid and metals. These magma bodies also drive fluids into convective cells (black circle lines) which may result in variable isotopic homogenization
depending on convective cell size. Hydrothermal fluids (modified seawater &= magmatic fluid) eventually exit at the seawater bottom through fractures in the

cap rock above the magmatic bodies and deposit metals to form a VHMS deposit. Lead isotope compositions (b) of Paleozoic VHMS deposits of the Lachlan fold belt
(Captains Flat-Goulburn Trough, SE Australia). The uncertainty ellipses refer to old data (empty ellipse: data compiled in Carr et al., 1995) and more recent data
(black ellipse: data in Huston et al., 2016).

source; (iii) a volcanic-volcaniclastic sequence; (iv) a cap-rock. Seawater enters the volcanic-volcaniclastic sequence through
fractures of the cap rock and becomes progressively heated with depth when approaching the magma source. Along its path
approaching the magma source the seawater is heated and reacts with the host volcanic-volcaniclastic rocks leaching their metals
and becoming progressively more reduced and more saline. Eventually fluids form variably long-lived convective cell systems in
which the cap rock acts like the lid of a cooking pot. When fluids ascend to shallow levels, close to the submarine rock-water
interface, they precipitate ore minerals due to the large temperature and salinity decrease following their mixing with cold and less
saline seawater. The magma is the driving heat engine of the convective system but may also contribute fluid and metals (e.g.,
Sillitoe et al., 1996; de Ronde et al., 2005, 2011; Piercey, 2011; Martin et al., 2020).

In such metallogenetic environment homogeneous Pb isotope compositions of ore minerals within individual deposits may
result from the following processes: (i) the leached volcanic/volcaniclastic sequences belong to the same magmatic episode and
therefore are isotopically homogeneous (e.g., Fig. 7d and f), which would correspond to the left-hand part of Fig. 13a; (ii) even if
there were some lithological and isotopic differences in the sequence (right-hand part of Fig. 13a), the establishment of long-lived
convective cells could homogenize the Pb from isotopically different parts of the sequence (Fig. 7b and c). Nonetheless, more or less
heterogeneous Pb isotope compositions could be related to different sizes of the convective cells and/or to lateral and vertical
changes in the lithology and thus in their isotopic composition (Fig. 13a). It is evident that, like in the case of porphyry systems, also
in this case a complete understanding of the Pb isotope compositions needs the analysis of the various lithologies potentially
associated with the mineralizing system.

A typical example of VHMS deposits with relatively homogeneous and similar Pb isotope compositions is that of the Paleozoic
Eastern Lachlan fold belt in SE Australia (Gulson, 1986; Carr et al., 1995; Huston et al., 2016) (Fig. 13b). These deposits have quite
homogeneous Pb isotope signatures not only at the individual deposit scale but also at the hundreds of km scale of the mineralized
belt, suggesting a very similar and homogeneous magmatic Pb source.

Chiaradia and Fontboté (2001) analyzed Pb isotope compositions from three small Paleogene VHMS deposits hosted by the
Macuchi arc sequence, in the Western Cordillera of Ecuador. Two deposits (Macuchi and El Patino) are situated within a few km
from each other whereas the third one (La Plata) is situated about 100 km to the NNE within the same Macuchi arc sequence. They
found that Pb isotope compositions of the ores within each individual deposit were homogeneous, but that they varied from one
deposit to the other (Fig. 14). The Pb isotope compositions of the deposits fall within the field of the variable Pb isotope signatures
of the Macuchi volcanic rocks, suggesting derivation of Pb from them. The inter-deposit differences suggest leaching and homog-
enization of different parts of the isotopically heterogeneous volcanic sequence, in agreement with the different stratigraphic
positions of the deposits within the Macuchi arc sequence (Chiaradia and Fontboté, 2001). The Pb isotope compositions of VHMS
ore minerals may also offer a way to interpret their paleogeodynamic environment of formation, e.g., island arcs characterized by
more radiogenic signatures than the oceanic crust like the Macuchi arc VHMS deposits, or MORB-related VHMS deposits that would
be characterized by no input of crustal radiogenic lead (Orgeval et al., 2005).

The stable radiogenic isotopes of Sr and Nd have been measured in ore samples of VHMS deposits of the Iberian pyrite belt
(Relvas et al., 2001), where they occur as sub-trace elements, to infer, together with Pb isotopes, multiple sources of metals, a
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conclusion also supported by Os isotope analyzes (Munhd et al., 2005). Reviews on VHMS deposits by Huston (1999) and on
recent ore mineralizing hydrothermal systems on the seafloor by Shanks III (2001) have revealed the complexities of such
mineralizing systems based on H, C, O, and S stable isotope geochemistry. These studies demonstrated a dominance of seawater
or exchanged seawater as the major mineralizing fluid, but with rather large amounts of magmatic-derived sulfur as well as some
contributions from bacterial sulfate reduction of seawater sulfate. Additional information on the processes of formation of VHMS
deposits could be derived from stable isotope systematics of transition metals (Cu, Fe, Zn), but relatively few studies have been
published on this topic so far (see below the section on transition metal stable isotopes).

Sediment-hosted stratiform Cu deposits

Genetic models of sediment-hosted stratiform Cu deposits, such as represented by the classical Kupferschiefer deposits in Poland
and/or the Earth’s largest sediment-hosted Cu ores of the Central African Copper Belt, have evolved from a single-stage, dissem-
inated Cu-sulfide mineralization to a multi-stage ore mineralization. In the latter case, the first stage is followed by subsequent ones
of remineralization during diagenesis or even under hydrothermal, metamorphic conditions (e.g., Dewaele et al., 2006; El Desouky
etal, 2009, 2010; Hitzman et al., 2010). The large-scale remineralization during syn-orogenic metamorphism of the Cu ores of the
Central African Copper Belt has questioned the importance of the pre-metamorphic mineralization, implying that the bulk ore
mineralization may even be entirely of hydrothermal, metamorphic origin during active deformation and orogenesis. Indeed, a
syn-sedimentary or early diagenetic origin for these types of deposits was initially proposed based on large variations in the
S-isotope compositions of the Cu-sulfides in these deposits. This range is best explained by Bacterial Sulfate Reduction (BSR) of
marine sulfate within the carbonates, shales, and interbedded sandstones, that occurs in response to changing redox conditions
occasionally also producing a redox front induced by the presence and relative abundance of organic matter in these types of rocks
(Leach et al., 2005; Shanks III, 2014). More recently, Cu isotope compositions of sulfides have indeed confirmed that the range in
isotopic composition is clearly related to changes in redox conditions at the depositional site, with important transport of the Cu as
chloride and/or sulfide complexes for the classic Kupferschiefer deposits and in other stratiform sedimentary Cu deposits (Asael et al.,
2009, 2012; see also the section on Cu isotopes below). However, Pb isotope compositions allow for the introduction of Pb from
crystalline country rocks (Fig. 15). Similarly, Re—Os dating of the disseminated Cu-sulfides in the metamorphosed Central African
Copper Belt (Muchez et al., 2015) has also supported a syn-sedimentary origin for the disseminated Cu-sulfides, but with substantial
resetting of this system during remobilization of the ore into veins (note, however, that there is debate on the meaning of Re—Os
ages of these ore deposits: Sillitoe et al., 2017; Hitzman and Broughton, 2017; Muchez et al., 2017). This first stage is followed by
re-mineralization during early and late diagenesis and subsequently by further hydrothermal redistribution of sulfides under
high-temperature tectonic settings (e.g., Dewaele et al., 2006; El Desouky et al., 2009, 2010; Hitzman et al., 2010). Evidence for a
multistage origin of the mineralization and accompanying changes in the fluids also comes from detailed petrographic work, fluid
inclusion analyzes, as well as C, O, and Sr isotope compositions of different carbonate phases within these deposits (e.g., El
Desouky et al., 2010; Muchez et al., 2010; Shanks III, 2014). Furthermore, the large range of sulfur isotope compositions,
compatible with an early BSR process for the mineralization, could have been homogenized during the subsequent
“redistribution” of the disseminated ore minerals. This possibly occurred under conditions amenable to thermochemical sulfate
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Fig. 15 Model of stratiform copper deposit formation. Black arrows represent fluid flow paths and convection cells. Modified from Hitzman MW, Selley D and Bull S
(2010) Formation of sedimentary rock-hosted stratiform copper deposits through Earth history. Economic Geology 105(3): 627-639.; Arndt NT, Fontboté L,
Hedenquist JW, Kesler SE, Thompson JF and Wood DG (2017) Future global mineral resources. Geochemical Perspectives 6(1): 1-171.

reduction (TSR) at higher temperatures (Leach et al., 2005; Muchez et al., 2010; Shanks III, 2014), during the transition from a
disseminated or patchy mineralization to a more concentrated vein-hosted mineralization, but with a similar range in isotopic
compositions. However, new metals may well have been introduced during the later, metamorphic stages of the metamorphism,
notably in the metamorphosed deposits of the Central African Copperbelt, which may have also resulted in these deposits
becoming supergiant ore deposits (e.g., Schmandt et al., 2013).

The circulation of highly saline fluid through broadly different lithologies, including occasional crystalline basement rocks
(Fig. 15), may have also formed another category of sediment-hosted Zn—Pb—Cu deposits within the larger hydrothermal systems
established during the deformation metamorphism of the Central African Copperbelt (e.g., Kampunzu et al., 2009). The fluid flow
in such mineralizing systems is characterized both by unidirectional gravity-driven fluid flow of basinal brines from the near surface
to deeper levels, as well as by the establishment of convective cells at deeper levels of the sedimentary basin before the fluid ascends
to variably shallower levels where the high-grade Cu deposits are formed (Fig. 15). In such a context heterogeneous Pb isotope
compositions, derived from mixing of two or more sources (Fig. 15), are likely and have also been corroborated on the basis of
stable isotope compositions of heavy metals (Shanks I1I, 2014). However, heterogeneity of the compositions may be variable within
individual deposits depending on differences in the plumbing systems, in the isotopic and Pb concentration contrasts of the
involved lithologies, and in the efficiency of homogenization processes in the deep convective cells (see for instance variably
homogeneous to heterogeneous Pb isotope compositions of sediment-hosted Zn—Pb—Cu deposits of Central Africa: Kampunzu
et al., 2009).

Mississippi Valley-type (MVT) deposits

Mississippi Valley-type (MVT) Pb—Zn deposits are formed in back-arc foreland basins as the result of orogenic elevation and
topography-driven fluid flow (Fig. 16). Basinal brines migrate into the deep portions of the foreland basin, coming into contact with
different sedimentary and crystalline basement lithologies and thereby potentially leaching the Pb and Zn from these different
lithologies. Eventually the fluid precipitates the metals in the shallow margins of the basin within platform carbonate lithologies,
that act as efficient metal traps, through BSR reactions. Also mixing of oxidized metal-bearing brines with sulfide-rich fluids from
thermochemical reduction of sulfate is a common metal precipitation mechanism in MVT deposits (Leach et al., 2010). Like
sediment-hosted stratiform Cu deposits and other sedimentary exhalative (SedEx) types of mineralization, MVT deposits are also
characterized by a wide range in S-isotope compositions of sphalerite and galena, typical for BSR of marine sulfate in open or
partially closed platform-type marine carbonates (e.g., Goldhaber and Kaplan, 1974; Kuhlemann et al., 2001; Goldhaber, 2003;
Leach et al., 2005; Shanks I1I, 2014). However, the modal distribution of the sulfides in terms of 534S values is different for different
deposits on a regional and global scale, supporting locally variable conditions of permeability, initial sulfate concentrations
and isotopic compositions as well as variable amounts of organic matter as the reducing substrate. Recent clumped isotope
compositions on carbonate veins within MVT deposits of the Derbyshire Platform (UK) support models of pulsed fluid flow
with mineralization temperatures ranging between 40 °C and 100 °C for the hydrothermal conditions of vein formation
(Dennis et al., 2019). Regional differences in H, C, and O isotope compositions of gangue and vein minerals, but also in H and
O-isotope compositions as well as Na—Cl—Br compositions of fluids included in sphalerite, galena and fluorite from different
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Fig. 17 Lead isotope compositions in the thorogenic (a) and uranogenic (b) plots of MVT deposits from Western Australia (Pillara), SE Missouri (Buick), and San
Vicente (Peru). Error bars on the left corners of the two plots are 2SD uncertainties for Pillara and Buick (black) and San Vicente (blue). S&K is the Stacey and Kramer
evolution curve of the Earth (redrawn from Gulson, 1986 with addition of data from San Vicente from Chiaradia and Fontboté, 2003).

mineral deposits, indicate the presence of variable mixtures of residual seawater and meteoric water. These mixed fluids have,
however, extensively exchanged with regionally different sediments, evaporites, and crystalline basement rocks (Kesler et al., 1997;
Shanks III, 2014).

MVT deposits are characterized by the widespread occurrence of radiogenic common lead isotopic composition of their ores,
more radiogenic than the end-points of typical bulk Earth evolution curves (e.g., Gulson, 1986; Kesler et al., 1994; Tosdal et al.,
1999) (Fig. 17). This requires leaching of lead from lithologies variably older than the mineralization and with p (**U/2°“Pb)
values much higher than those of the bulk Earth. Only in this way, such lithologies could have developed highly radiogenic
compositions at the time of the mineralization. MVT ores often, but not always, define linear or cloudy elongated trends with
different slopes, either steep or shallow in Pb isotope diagrams. This suggests derivation of Pb in these ores from mixing of crustal
reservoirs characterized by variably high p values and/or mixing of Pb from these highly radiogenic Pb reservoirs with Pb that is
closer to a typical bulk Earth evolution.

The heterogeneous compositions of Pb isotopes in MVT deposits are consistent with the hydrothermal fluid plumbing system in
this type of mineralization and the heterogeneous and variably old lithologies that the fluids encounter during their flow from the
source region to the deposition site (Fig. 16). Large Pb isotope heterogeneities can be found even at the single galena crystal scale
(Hart et al., 1981; Deloule et al., 1986), suggesting that the origin of Pb in the fluids changes not only depending on the position of
the ore mineral in the deposit but also through the time required to precipitate single galena crystals.

Fig. 18 shows the examples of two trends from data in Potra et al. (2018) for the MVT deposits of two classical districts of central
United States, the Northern Arkansas and Central Kentucky districts. The potential interpretation of these data provided below is
purely based on the topology of the data in the 2°"Pb/2°*Pb versus 2°°Pb/2°*Pb space and could be applicable to other examples. For
a full geological interpretation of the data the reader is invited to refer to Potra et al. (2018).

Fig. 18 shows that ore Pb from the Central Kentucky district forms a steep trend with a very small variation in 2°°Pb/2°*Pb values,
whereas the ore Pb of the Northern Arkansas district forms a shallower trend with a large variation in 2°°Pb/?°*Pb values. In the
diagram also shown are simulated mixing results between three hypothetical end-member sources (A, B, C) under the following
conditions. Reproduction of the steep trend of the Central Kentucky district Pb is obtained assuming a 3-end member mixing in
which source C contributes a maximum of 5% Pb. Reproduction of the shallow trend of the Northern Arkansas district is obtained
assuming maximum 48% contributions of sources A and C and maximum 60% contribution of B. The source C in this hypothetic
scenario represents radiogenic Pb associated with the evolution curve of a reservoir with a high p = 40, that separated at 1.2 Gyr
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Fig. 18 Plot of Pb isotope compositions of MVT ores of the Northern Arkansas and Central Kentucky districts (data from Potra et al., 2018). The Central Kentucky
district ores fall on a steep binary mixing trend between potential sources A and B. Northern Arkansas district ores are enclosed within a triangle formed by

A, B, and C potential source lithologies (arbitrarily chosen in this example). Source C corresponds to radiogenic Pb from evolution in a U-rich reservoir with a p value
of 40. The empty black circles are simulations of mixing between the three end-members. For the Central Kentucky district ores, the simulations are obtained
for a maximum contribution of Pb from source C of 5%. For the Northern Arkansas district ores, the simulations are obtained for maximum contributions of sources A
and C of 48% and for B of 60%. The Northern Arkansas ores also scatter around a straight line with a slope of 0.0814 which would correspond to Pb leached
from ~1.06 Gyr rock assuming a mineralization age of 250 Myr (see text for discussion). Small black circles on the evolution curves correspond to intervals

of 400 Myr, starting from 0 Myr at the right hand-side of the curves.

from a “typical” bulk silicate reservoir characterized by a p = 8.37 (Fig. 18). This example shows that when only ore Pb isotope
compositions are considered one can make some assumptions about the potential source rocks. However, it is the analysis of Pb
isotope compositions of real potential rocks in the area that allows us to constrain the real sources (A, B, C) and their mixing
proportions.

Another possible interpretation of the shallow trend defined by the Northern Arkansas ores is provided by the value of its slope
(see also Potra et al., 2018; Kesler et al., 1994). In fact, shallow linear trends in the *°“Pb/?°*Pb versus *°°Pb/>**Pb space may
correspond to secondary isochrons (e.g., Faure and Mensing, 2005), that are defined by the following equation

(16)

m
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where m is the slope of the linear trend and corresponds to the radiogenic growth of 2°’Pb* and 2°°Pb*, A?*> and A?*® are the decay
constants of 2>°U and **8U, T is the time in the past when the radiogenic growth of 2°’Pb* and 2°°Pb* started from an isotopically
homogeneous source with different p values (point h in Fig. 18), and t is the time when the variably radiogenic Pb, which was
formed between T and t along evolution curves with the same initial 2°°Pb/2°*Pb and 2°“Pb/?**Pb values but different p values,
became fixed in the ore minerals. Therefore, T can be considered as the age of the source rocks and t the time of the mineralization.

The equation can be solved either for T or t by interpolation of the slope defined by the trend with the slopes obtained assigning
fixed T and t values (e.g., see Faure and Mensing, 2005). If t (the age of the mineralization) is known, then T (the age of the source rock)
can be obtained, vice versa if T is known then t can be calculated. In the case of the MVT deposits of mid-continent United States an age
of about 250 Ma has been proposed based on U—Pb dating of hydrothermal calcite and paleomagnetic data (Pan et al., 1990; Potra
etal.,, 2018). Using an age of 250 Ma for the mineralization, the slope of the Northern Arkansas district trend (0.0814 in Fig. 18) results
in an age of the source rock of ~1.06 Gyr. Therefore, this treatment allows us to infer the potential contribution of radiogenic Pb from a
source rock of a certain age that should be verified on the basis of the geological occurrence of rocks in this age range (see Kesler et al.,
1994 and Potra et al., 2018, for discussion in this sense applied to MVT deposits of United States).

If t = 0 in the Eq. (16) above, then the equation reduces to

(17)

207Pb* 1 [e;.“‘T _ 1}
m

T 206p, T 137.88 |57 _ g

which is the equation of an isochron allowing us to obtain the age of a series of cogenetic rocks, minerals (or their fractions: see
below) having the same initial Pb isotope compositions but that evolved to different radiogenic signatures due to different p values
since the time of their formation (T) until nowadays.

In some studies, also Sr and Nd isotopes have been used to characterize the sources of the fluids in MVT deposits through the
analysis of hydrothermal minerals like fluorite, barite and carbonates (Lange et al., 1983; Ruiz et al., 1985; Kesler et al., 1988; Bau
etal., 2003). Sr and Nd isotope studies of hydrothermal non-ore minerals in MVT deposits may provide additional information on
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the fluid plumbing systems, but limited information on the metal sources, since there can be a large decoupling between Sr and Nd
concentrations of potential source rocks on one hand and metal contents of the same rocks on the other hand (see next section for
more details on this topic).

Ph isotopes as tracers of sources of other metals?

Pb isotopes are of course tracers of the sources of lead in various mineral deposit types. Because of the similar behavior in
hydrothermal solutions, Pb isotopes are extensively used also as a proxy for the sources of other base metals like Cu and Zn and
precious metals Au and Ag (e.g., Richards and Noble, 1998). Whereas this is justified to some extent, we warn from applying this
without giving some thoughts to the problematic. The proportions of lead coming from two or more sources in ore samples are
controlled by the isotopic compositions of the ore samples compared to those of the sources, but the proportions of the sources
(i-e., fluids, rocks, magmas, reservoirs) involved in this process are also controlled by the concentrations of lead in those sources. For
instance, a binary mixing between two sources A and B that corresponds to a 50:50 proportion of lead from them will correspond to
sources that mix in 50:50 proportions only if the concentrations of Pb in the two sources are the same (Fig. 19). If the concentrations
are significantly different the source with lower Pb concentrations needs to contribute in mass much more than the source with
higher Pb concentrations to achieve a 50:50 proportion of the two lead types (Fig. 19).

The same reasoning applies to other metals, especially those, like Cu and Au, for which a decoupling in potential source rocks is
expected with respect to Pb. For example, let us imagine a fluid that circulates through two isotopically different lithologies (A and
B) from which it leaches Pb and Cu, with A being a mafic lithology with high contents of Cu (80-100 ppm) but relatively low
contents of Pb (10-20 ppm) and B being a felsic lithology characterized by high contents of Pb (80-100 ppm) but low contents of
Cu (1-5 ppm). This could be a scenario exemplifying the formation of stratiform copper, SHMS or VHMS deposits. It is clear that if
the fluid leaches comparable volumes of the two lithologies (e.g., the green simulation points in Fig. 20) it will contain Pb that is
dominantly derived from lithology B (~90%) and Cu that is dominantly derived from lithology A (>95%). If the two source rocks
have different lead isotope compositions, the lead isotopes of the ore minerals will indicate a dominant source of Pb from
lithology B (~90%) which can be erroneously interpreted also as the main source of Cu, which is clearly not the case (Fig. 20).
The same applies to Au which has a geochemical behavior during petrogenetic processes more similar to Cu than to Pb, whereas Zn
and Ag are more successfully proxied using Pb isotopes because they have a geochemical behavior more akin to Pb.

We conclude that, before extending the use of lead isotopes as tracers of the sources of other metals (especially Cu and Au), the
geological situation should be carefully evaluated, recognizing the potential source lithologies and evaluating the concentrations of
the various metals that these lithologies can deliver. In this sense, lead isotopes are more successfully used as tracers of fluid flow
paths and of fluid-rock interactions than of sources of metals different from Pb (£Zn, Ag) itself.

Lead isotope model ages

Fig. 21 shows the isotope evolution curves of Pb through time starting from an initial composition (that of the Canyon Diablo
troilite) at the time of Earth formation assuming three fixed and constant p values of 8, 9, and 10 (single-stage or Holmes-Houtermans
Pb evolutions). The lead isotope ratios of the points on such curves at any time t in the past (*°°Pb/?**Pb, and 2°”Pb/?**Pb,) are the
result of the addition of radiogenic lead, during the time interval between Earth’s formation (T) and time t, to the initial primordial
lead of the chondritic material (i.e., the lead of the Canyon Diablo troilite: 2°°Pb/?°*Pby and 2°”Pb/?**Pby)

ZOGPb ZOGPb (eizst B e/".BBr) (18)

204 Pb, = 204 Pb,
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Fig. 19 Simulations of the relationship between the 2°Pb/2°*Pb ratio resulting from mixing between two sources (A and B) and wt% mass contribution of source A
for different ratios of the Pb concentrations in sources A and B [Pb,/Pbg].
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(19)

207Pb _ 207Pb n ( 5235 ZBSI)
204Pbt - 204PbT + 137.88 -e

where 42*® and A%*® are the decay constants of ***U and 2*°U respectively and 137.88 is the *U/?*>U ratio nowadays.
By rearranging and dividing the two equations one obtains

207 pyy 207 py,

e 235 5235
204Pb[ 204PbT B 1 el T _ P (20)
206 pp, 206 py, - 137.88 elsz _ e/llwt

Wiy, T Wy,

It can be easily realized that this equation contains only one unknown (t) because 2°°Pb/?°*Pb, and 2°’Pb/?°*Pb, are measured on
the sample, 2°°Pb/?°*Pb and 2°’Pb/?°*Pb are the values of the Canyon Diablo troilite (9.307 and 10.294 respectively), and T is the
age of the Earth (e.g., 4.55 Gyr: Patterson, 1956). Therefore, using this equation a model age can be assigned to any sample that
records the common lead signature of the Earth in the past (these samples are essentially galenas from stratabound deposits: see
above). This equation cannot be solved by an algebraic method but only by interpolation (see Faure and Mensing, 2005 for details).

The age so obtained is not a radiometric absolute age, but a model age, i.e., it relies entirely on the assumption that the
investigated sample has indeed evolved through a single-stage step characterized by a specific p value. The latter, once obtained the
age t, can be calculated from Egs. (18) or (19) by substituting the age obtained from Eq. (20). Therefore, the above assumption must
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be tested against several criteria (first of all broad concordance with radiometric ages of the immediate geological environment)
before the model age can be used for geological interpretations (see Faure and Mensing, 2005 for more details on Pb model ages).

Pb isotopes as metallogenetic terrane discriminators

Many studies have used lead isotopes of magmatic-hydrothermal ores and associated magmatic rocks to recognize the occurrence of
different geological and metallogenic terranes at the regional scale and place the formation of distinct ore types in a broader
paleo-geodynamic context. Terranes are crustal blocks with specific lithologic compositions and ages that become juxtaposed
during the geodynamic history of Earth. Magmatism and associated mineral deposit formation subsequent or previous to the
terrane juxtaposition result in lead isotope signatures that depend on the lithologies composing the terrane (i.e., continental vs.
oceanic) and on their ages (i.e., young vs. old). Such an approach allows us to place mineral deposit formation in the context of a
larger geographic scale and to correlate it with the geodynamic evolution of a specific region of the planet.

One of the seminal studies in this sense is the Pb isotope study on central Andean ores by Macfarlane et al. (1990), who
individuated different Pb isotope provinces and compared them to the different geological domains of the region. Fig. 22 shows the
metallogenetic Provinces and Subprovinces of Macfarlane et al. (1990) overlapped to a more recent contour map of Pb isotope
composition of the Central Andes (Mamani et al., 2010) obtained by the combination of ore and magmatic rocks lead. Other
studies that used Pb isotopes of ore minerals and magmatic rocks to delineate terrane boundaries have been carried out, among
others, in the western United States (Wooden and Mueller, 1988; Wooden et al., 1988, 1998; Wooden et al., 1991), Ecuador
(Chiaradia et al., 2004), Mexico (Potra and Macfarlane, 2014), and Central Asia (Chiaradia et al., 2006). In another study, Bouse
(1995) showed that the different Ag/Au ratios of Arizona mineral deposits correspond to different Pb isotope systematics of the
Proterozoic basement, suggesting a terrane control on the metallogeny of the region.

Another approach has been to combine large databases of Pb (and also Nd) isotopes with GIS to build up isotope maps, ranging
in scale from mineral districts to continents. These isotope maps (see Fig. 22 for an example), which are based not only on isotope
ratios but also on elaboration of lead model values (like p and the difference between Pb model ages and known radiometric ages),
can be used to delineate, especially within old continents, the occurrence of transcrustal tectonic limits and structures as well as
magmatic belts that would correspond, based on isotope composition, to specific geodynamic settings with potential metalloge-
netic fertility (e.g., Champion and Huston, 2016; Huston et al., 2016; Wu et al., 2022).

Chiaradia and Fontboté (2002), using Pb isotope compositions of Cenozoic ore minerals and magmatic rocks from the entire
Andean Cordillera, identified four regions characterized by steep mixing trends in the 2°“Pb/?°*Pb and 2°°Pb/?°*Pb versus
206ph/294ph space (Fig. 23) that they interpreted as the result of mixing between a MORB-type mantle and upper crustal rocks.
They also noticed that the low radiogenic ends of the trends, corresponding to the MORB-type mantle, show a systematic decrease of
206ph/294ph values from north to south which they tentatively interpreted as the result of the influence of an increasing HIMU
component in the northern section of the Andean Cordillera. This could be related to a Mesozoic plume that contaminated the
mantle in the northern part of the Andes (Chiaradia and Fontboté, 2002) or to the interaction in the deep crust of mantle-derived
magmas with oceanic plateau fragments that were accreted in the Late Cretaceous onto the margin of the northern Andes (Vallejo
et al., 2009; Chiaradia, 2009; Chiaradia et al., 2020, 2021).

The success of Pb isotopes in tracking metallogenetic processes has also resulted in their use in mineral exploration programs.
Gulson (1986) has outlined a series of case studies for the exploration of Australian deposits through the definition of
region-specific Pb isotope targets (based on the occurrence of known mineralization) against which compare the metallogenetic
potential of unknown prospects. Usable materials for the exploration of mineral deposits on which carrying out Pb isotope
investigations are sulfides, gossans, soils, weathered bedrock, vegetation and groundwaters.

Osmium isotopes

Theoretical background
Os has seven stable isotopes, one of which, '87Os, is the radiogenic product of the B~ decay of '®’Re. The '8’Re — '87Os decay is
used for dating various sulfide and also oxide ore minerals (see below). Molybdenite is the only widespread sulfide that does not
contain any initial (common) osmium whereas it incorporates significant amounts of Re (up to >100 s of ppm). For this reason, it
can be dated using Eq. (9), reasonably assuming that no initial Os is present (model age of molybdenite: Stein et al., 2000).
Conversely, molybdenite cannot be used for common Os isotope tracing studies since there is virtually no common Os incorpo-
rated into molybdenite at the time of its formation and the only Os is radiogenic '®’Os developed in situ.

In contrast, other sulfides and oxides occurring in mineral deposits of various types always contain initial (common) Os in
measurable amounts and in variable ratios with Re. Therefore, for these minerals the following equation applies

18705 1870S 187 Re ( 187, 1)

18805t = 188050 - 188050 (21)

where 1.'® is the decay constant of *Re, t is the time of the mineralization and the indices t and 0 refer to the isotope ratios calculated
at the time t of the mineralization and measured today (t = 0), respectively. By analyzing only one of such non-molybdenite samples
of a mineralization it is impossible to obtain both the age t of the mineralization and the initial Os isotopic composition
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Fig. 22 Lead isotope provinces of MacFarlane et al. (1990) superimposed on the 2°6Pb/2%Ph map of the Central Andes of Mamani et al. (2010), distinguishing
different isotopic domains.

(*870s/'®80s), as discussed above. However, analyzing several cogenetic samples for the mineralization and using the isochron
method (see below) both the age t and the initial common Os isotopic composition of the mineralization can be obtained.

The initial value of '”0s/'®¥0s of a sample can also be expressed as its deviation from the value of the CHondritic Uniform
Reservoir (CHUR) at the same age as that of the sample using the following notation

B 18705/188 05, _sample
7o, = 100( f7=Tqgs o — 1
Os /"% Os;-crur

(22)
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where the indices “t-sample” and “t-CHUR” refer to the isotope ratios recalculated for both sample and CHUR at the time t using
Eq. (21) above.

The systematics of radiogenic Os are controlled by the different compatibility of Os and Re during mantle magmatic processes.
Os in fact is compatible during mantle partial melting due to its high affinity for residual sulfide phases, whereas Re is more
incompatible (e.g., Lambert et al., 1999). This results in a Depleted Mantle reservoir that has evolved at low '3’Os/'%%0s values
through time because the mantle has continuously lost Re to partial melts that formed the crust (Fig. 24). These partial melts are
characterized by very high Re/Os values which develop through time extremely high '870s/'#80s and positive yo, values (Fig. 24).
Therefore, compared to the Rb—Sr, U—Pb, Sm—Nd and Lu—HTf systematics, in which both parent and radiogenic daughter
isotopes are variably incompatible, the more distinct behavior of Re and Os makes this system more (very!) sensitive to crustal

contamination.

Applications

Because Os is a platinum group element (PGE) the most widespread use of common Os isotopes is to trace the sources of PGE in
various Ni—Cu—Co—DPGE deposits (e.g., Kambalda, Voisey's Bay, Bushveld, Sudbury, Stillwater) (Lambert et al., 1999). There is a
common agreement about the fact that PGE mineralization in this orthomagmatic context is associated with initially
S-undersaturated mafic magmas derived from the mantle and intruded at upper crustal levels (Lambert et al., 1999). If such
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magmas were S-saturated in the mantle or became so during their ascent before reaching the place where mineralization occurs, they
would lose most if not all of PGEs, because of the extremely high compatibility of PGEs in sulfide phases. Therefore, mineralization
occurs when these mantle-derived mafic magmas become S-saturated at shallow crustal levels. A process that may lead to sulfur
saturation of these mafic magmas is assimilation of S-rich host crustal lithologies, a process that has been suggested based on the
S-isotope compositions of such orthomagmatic complexes (e.g., Ripley and Li, 2003). Under this point of view, Os isotopes are
ideally suited to reveal crustal contamination, due to the strong difference in '*”Os/'®*Os signatures of mantle-derived magmas and
variably old crustal rocks (Fig. 24). The plot of Fig. 25 shows Yos.initial Values of ore-related samples which indicate that crustal
contamination of the magmas and associated ores occurred at the deposits of Sudbury, Stillwater and Bushveld, supporting the
above discussed process of shallow crustal contamination as responsible for sulfur saturation of the magma. For the large and
economically important Bushveld Igneous Complex, estimates of crustal assimilation during the emplacement of the complex of up
to 30-40% are required in order to account for the overall high O isotope compositions of feldspar, pyroxene and biotite within the
mafic-ultramafic layered suites, values that are unlike those for mantle-derived melts (e.g., Harris et al., 2005). Similar estimates
have been made based on Sr and Nd isotopic compositions (e.g., Kruger and Marsh, 1982; Kruger, 1994; Maier et al., 2000).
In contrast to the Sr and Nd isotopic compositions, however, the homogeneous O-isotope compositions throughout this large
complex and the constancy of the inter-mineral O-isotope fractionations would support large scale assimilation of '30-rich lower to
middle crustal rocks during the emplacement of the magmas of the complex (Harris et al., 2005).

Another advantage that makes Os isotopes particularly suited to trace crustal contamination in PGE orthomagmatic deposits is
the occurrence in these deposits of high-Os and low-Re minerals, like Os-rich laurite (RuS,) and chromite. Chromite has been often
analyzed on bulk mineral separates, but this mineral may host micro-inclusions of Os-rich minerals like laurite and osmium-
iridium alloys, which have also been analyzed individually for Os isotope composition using in situ methods (e.g., Ahmed et al.,
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Fig. 25 Common Os isotope compositions of rocks and ores of three major orthomagmatic PGE deposits showing various degrees of Os crustal contamination of
the mantle-derived Os.
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2006). This particularity makes ore minerals commonly associated with orthomagmatic PGEs deposits (e.g., chromites, Os-rich
sulfides like laurite) the most suitable to be used in tracing studies, because their very low to near zero Re/Os values minimize the
time-integrated correction for in situ decay and associated uncertainties due to age and Re—Os concentration measurements as well
as possible open system behavior (see also above). In Os-poor sulfides such time-integrated corrections require, besides knowledge
of the age, also precise measurements of Re and Os concentrations, that should be obtained by isotope dilution, making the overall
analytical procedure longer and requiring specialized laboratories.

Although the majority of Os tracing studies has concentrated on PGE orthomagmatic deposits, Os isotopes have also been used
in conjunction with isochron dating to determine initial isotope ratios of various Os-poor sulfide minerals in other deposit types
(e.g., porphyry Cu deposits, sediment-hosted Cu—Co deposits) with consequent inferences about mantle versus crustal Os sources
in these deposits (e.g., Ruiz and Mathur, 1999). For instance, Mathur et al. (2000), using initial '8’0s/'®30s obtained from
regressions of sulfides isochrons from various Chilean porphyry Cu deposits, could find that the stronger is the mantle contribution
defined by the '870s/®8Os; values, the larger is the Cu endowment of the deposit. Saintilan et al. (2021), using initial '’ Os/'®¢0Os
of sulfides (pyrite and enargite) from the high-sulfidation epithermal deposit of Colquijirca and the Cordilleran-type base metal
deposit of Cerro de Pasco (Peru), found that there was a decrease in the crustal Os contribution through time (i.e., using minerals of
the paragenetic sequence), which they explained by initial flushing of crustal osmium by early magmatic fluids, so that late-stage
enargite was unaffected by crustal Os (see also Fig. 10 for a visualization of this interpretation).

Dating mineral deposits

Geochronology of mineral deposits is essential to correlate mineralization to large-scale geological processes, e.g., magmatism,
metamorphism, climatic changes, biologic activity, tectonism, and/or geodynamics (e.g., Hames et al., 2009; Bekker et al., 2010).
It also allows us to link various mineral deposit types with major events of the Earth’s history (e.g., supercontinent assembly,
oxidation events, climatic changes) and to evaluate their temporal recurrence or uniqueness (Watson, 1978; Veizer et al., 1989;
Barley and Groves, 1992; Goldfarb et al., 2001; Frimmel, 2005; Heinrich, 2015). Geochronology of mineral deposits also offers a
“predictive” tool for exploration of different mineral deposit types within specific geochronological windows. Finally, the deter-
mination of the timescales of mineralizing events improves our understanding of the physico-chemical processes that lead to metal
precipitation, especially the rate at which metallogenic processes occurs, which is a function of the energy of the system and how this
energy is distributed through time (Weis et al., 2012; Chiaradia et al., 2013, 2014; Chelle-Michou et al., 2017; Chiaradia et al., 2018;
Chiaradia, 2020, 2022; Large et al., 2021; Chiaradia and Caricchi, 2022; Carter et al., 2022).

Radiometric dating is the most accurate and precise way of determining the age of a mineral deposit. Careful textural
observations should be carried out prior to dating in order to date ore and/or alteration minerals that are genetically associated
with the mineralization (e.g., Chiaradia et al., 2013). Accuracy refers to how close a measurement of an age is to the “real” value (see
Chiaradia et al., 2013 about how accuracy is estimated). Precision indicates the uncertainty associated with an age and usually
depends on limitations of the analytical and instrumental tools used. Date is the geochronological value returned by radiometric
dating which becomes an age only after its interpretation and validation within the geological context.

Theoretical background

The theoretical bases of radioactive-radiogenic systems which are used for dating have been addressed above (Section “Bases of
radioactive-radiogenic isotope systems”) and are extensively discussed in, e.g., Dickin (2005) and Faure and Mensing (2005). Here,
we just summarize some essential information. Dating of minerals can be done using Eq. (1), if the dated mineral does not
incorporate any initial amount of radiogenic isotope (e.g., zircon and molybdenite), or Eq. (5), if the dated mineral incorporates
non-negligible amounts of initial radiogenic isotope.Each one of these equations can be solved for t, yielding

1 D
_ 1 D/Rref - Dl/Rref
t=~In <7N0/Dmf +1 (24)

However, there are several conditions that must be met in order to use Egs. (23) and (24) to obtain meaningful ages. The most
important is that the dated mineral must have behaved as a closed system since its formation, not allowing any escape or ingression
of either parent or daughter isotopes, which would modify D/Ny and D/D,.y, resulting in unconstrained D/D ¢ ratios and D and
Np amounts. This condition is difficult to be met because: (i) all elements occurring in minerals, including radioactive isotopes, tend
to diffuse in order to re-equilibrate with the surrounding environment under the drive of chemical and thermal gradients;
(ii) radioactive decay creates damage to the crystalline lattice of minerals, which favors the escape or ingression of elements;
(iii) the minerals hosting the radioactive parents may be subjected to interactions with fluids during their geological life which will
cause a release or an ingression of radiogenic and parent isotopes (the reader may refer to Mattinson, 2005, to see how the problem
of crystal lattice damage of zircons can be tackled in U—Pb geochronology). Among these three processes, thermally activated
diffusion is a ubiquitous process, by which elements diffuse within crystals as a function of atomic size, crystal structure, crystal size,
and temperature. For a particular element in a particular crystal structure, diffusion becomes increasingly fast with increasing
temperature, through an exponential function known as the Arrhenius law (Fig. 26).
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Fig. 26 Data on diffusion of various elements in zircon. From Cherniak DJ and Watson EB (2001) Pb diffusion in zircon. Chemical Geology 172: 5-24 and

references therein.

Therefore, a radiometric date reflects the time since the mineral cooled to a temperature below which diffusion of the parent and
daughter isotopes becomes so slow that the mineral acts as a closed system. This temperature is known as closure temperature
(Dodson, 1973). Because the closure temperature depends on crystal structure, size of the crystal, and atomic size of the diffusing
isotope, there is a wide range of closure temperatures (from >900 °C to <100 °C) for the different radiometric dating systems
applied to different minerals (Fig. 27).

In cases where a mineral has grown at temperatures below its closure temperature for the isotopic system of interest, a
radiometric date reflects the time of formation of that mineral. In contrast, where a mineral grows at temperatures above its closure
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(2017) Titanite petrochronology. Reviews in Mineralogy and Geochemistry 83(1): 419-441.; Harrison TM, Célérier J, Aikman AB, Hermann J and Heizler MT
(2009) Diffusion of “°Ar in muscovite. Geochimica et Cosmochimica Acta 73(4): 1039-1051.; Eberlei T, Habler G, Wegner W, Schuster R, Kérner W, Théni M
and Abart R (2015) Rb/Sr isotopic and compositional retentivity of muscovite during deformation. Lithos 227: 161-178.
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temperature, the radiometric date will be younger than the time of mineral formation. The time when a mineral cools below its
closure temperature can be variably younger than the time of its formation depending on the thermal history (e.g., cooling rate) of
the rock that contains the mineral (thermochronology). These considerations highlight the need to know as much as possible the
geological context of the sample. Additionally, a mineral can be dated using Eqs. (23) and (24) only if it does not incorporate any
significant amount of daughter isotope from the surrounding environment during its formation (Eq. (23)) or if the amount and
isotopic composition of the incorporated daughter isotope are known (D,/Dy.s in Eq. (24)). In such cases either all the daughter
isotopes measured in the mineral can be attributed to in situ radioactive decay (Eq. 23) or a correction for the incorporation of the
initial daughter isotopes can be applied (Eq. 24).

Dating minerals that do not contain any initial amount of radiogenic daughter isotope

Daughter isotopes of any parent-daughter system are continuously produced everywhere on Earth and therefore the possibility to
use Eq. (23) depends on the ability of a mineral to selectively incorporate a radioactive parent and exclude the radiogenic daughter
at the time of mineral formation. The most commonly dated minerals that behave in this way and allow the use of Eq. (23) are
zircon and monazite for the U(—Th)—Pb system and molybdenite for the Re—Os system, for which the Egs. (8) and (9) apply.
Additionally, for the U—Pb system in zircon another independent age equation applies for the decay of 2>°U to 2°“Pb

1 207Pb0
t:ﬁln(w+l (25)

This provides the unique possibility to date the same mineral with two independent U—Pb chronometers (Egs. (8) and (25)) and
allows us to check for open (different, i.e., discordant 2*U—2°Pb vs. >>U/2°"Pb ages) versus closed system (same, i.e., concordant
ages) behavior of the U—Pb clocks in zircon, through their graphic expression in Concordia plots as concordant or discordant
points (Fig. 28). Fig. 28 shows a concordant point analysis corresponding to t; and several analyzes of cogenetic zircons from the
same intrusion showing all the same concordant ages for which a pooled concordant age can be calculated (inset of Fig. 28).
Fig. 28 also shows that either Pb or U loss can be identified in the Concordia plot. If lead loss at time t5 affected a number of zircons
that crystallized from a magma at time t,, the zircons will plot on a chord (called Discordia) intercepting the Concordia at two
points: the upper one represents the age of zircon crystallization from the magma (t,) whereas the lower one represents the timing
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Fig. 28 Wetherill U—Pb Concordia diagram. In this diagram zircons yielding the same ages with the decays of 22U to 2°°Pb and of 23°U to 2°’Pb fall on the
Concordia line. Note that each zircon analysis is represented by an ellipse that corresponds to analytical uncertainties of the 2°7Pb/2°U and 2°6Pb/238U values.
Zircons that underwent lead or uranium loss define straight lines (called Discordia) that intersect the Concordia curve at points that may be interpreted geologically.
Various examples are shown. Zircon t1 is a zircon yielding a concordant age of 3800 Myr. The zircons along the Discordia line t,-t3 represent zircons that initially
crystallized at time t, but underwent Pb or U loss at time t5. Their alignment intersects the Concordia at times t, and t5 that can be interpreted as the time

of magmatic crystallization (t, = 3600 Myr) and the time (t; = 1200 Myr) of a geological event that has caused partial Pb (or U) loss (e.g., metamorphism). Note that
the zircon analyzes plotting along the Discordia line t,-t; and corresponding to Pb loss could also represent another situation: they could be the result of the
analysis of bulk single zircon grains characterized by an old core crystallized at t, and a younger rim overgrown at t;. This is why each analysis of a zircon must be
preceded by a careful petrographic evaluation through CL-imaging to identify old cores. In such a case a bulk grain analysis would be meaningless and an

in situ analytical approach, allowing the dating of small domains of the zircon, should be undertaken.
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of the event (e.g., metamorphism) that caused the lead loss (t3). Lead loss can also occur continuously since the time of
crystallization of the zircons from the magma due to damage of the crystal lattice: in such a case a continuous escape of Pb occurs
through time resulting in a Discordia line that intersects the Concordia at zero age. Because the diffusion of Pb is more likely to
result in Pb loss for the Pb atoms that are situated closest to the outer surfaces of a zircon grain, different procedures have been
adopted to limit the effects of Pb loss. For many years, one procedure has been that of the mechanical abrasion of the outer rims of
zircons (Krogh, 1982). However, application of such method does not warrant always a complete removal of the zircon domains
affected by Pb loss. The procedure of chemical abrasion (CA) of zircon (Mattinson, 2005) has dramatically reduced the effect of lead
loss and has become the analytical approach of choice to date zircon by CA-ID-TIMS and also LA-ICPMS (e.g., Crowley et al., 2014)
in many labs.

The inset shows single grain analyzes of zircons from the same sample of a porphyritic rock associated with the gold skarn
mineralization of Nambija (Ecuador) (data from Chiaradia et al., 2009). All the ellipses referring to each zircon analysis and its
uncertainties overlap and fall on the Concordia, yielding a combined Concordia age of 145.33 4+ 0.14/0.21 Ma age. The two
uncertainties associated with the age are the analytical uncertainty (0.14) and the analytical uncertainty plus the uncertainties on the
23811 and #*°U decay constants. The latter are graphically represented by the gray band in the inset plot.

Discordant lines defined by several cogenetic zircons could also be the result of mixing of domains grown at different times, e.g.,
an older core and a younger rim, which cannot be deconvoluted by the analysis of a bulk zircon grain. For instance, an older core
could represent a detrital zircon from erosion of an old magmatic rock and transferred into a sedimentary rock that subsequently has
undergone partial melting with growth of a magmatic zircon rim around the old core (Fig. 28). Conversely, zircons from a magmatic
rock subjected to metamorphism can also be overgrown by a metamorphic rim (Fig. 28; e.g., Gaynor et al., 2022). In any case, these
examples, corresponding to zircon grain analyzed in bulk or to spot analysis straddling two domains, highlight the need of careful
textural characterization of the zircon crystals to be dated, e.g., through cathode-luminescence imaging.

For the Re—Os chronometer the control of double concordant ages is not possible. However, dating of several molybdenites that
can be considered cogenetic based on paragenetic observations, will yield different concentrations of '*’Os and '®”Re that can be
plotted in the '87Os versus '®”Re space (Stein et al., 2001). These molybdenites should plot on a straight line (isochron) passing
through the origin of this diagram, lending support that they record the same time of crystallization. The high closure temperatures
of zircon (Cherniak and Watson, 2001) and molybdenite (Stein et al., 2001) for the U—Pb and Re—Os systems, respectively,
usually higher than crystallization temperatures of these minerals, imply that dates obtained on these minerals are most of the times
crystallization ages.

Dating minerals that contain an initial amount of radiogenic daughter isotope

Eq. (24) applies to all minerals that incorporate non-negligible amounts of radiogenic isotope at the moment of their formation so
that the final amount of radiogenic isotope is the sum of that isotope incorporated at the moment of mineral formation plus the
amount developed in situ by decay of the incorporated radioactive parent. Eq. (24) can be solved for time only if we know D /Ry,
i.e., the ratio of the radiogenic to the reference non-radiogenic isotope incorporated at the moment of crystal formation.

One possibility to solve Eq. (24) is to assign a sound value to D/Ry.¢. This is done when dating minerals with the K—Ar method
and its derivation, the Ar/Ar method, in which it is usually true (and verifiable using the isochron method: see below) that initially
incorporated Ar has the fixed and known isotopic composition of atmospheric argon. This is also the case of minerals datable with
the U—Pb method, like titanite and rutile for instance, for which a reasonable value of D/R..f can be assumed using, for instance,
common Pb isotope compositions of Earth evolution models or of associated minerals (e.g., K-feldspar). It is important to bear in
mind that not all titanite and rutile minerals yield equally successful ages with this method, because the successful dating requires
that the in situ grown radiogenic proportion of Pb in Eq. (24) be much greater than the proportion of common Pb incorporated
in the mineral at the time of its formation. This is so because, when there is little radiogenic Pb added within the mineral, the
radiogenic and common Pb components become increasingly close in composition and error propagation magnifies through a
power law the uncertainty on the calculated age (Fig. 29). In addition, if the assumed common Pb composition is not correct the
age calculated will also be increasingly inaccurate.

Another way to date minerals that contain mixtures of radiogenic and common leads is to use the Tera-Wasserburg plot (Fig. 30).
In such a plot different cogenetic crystals or their portions (for bulk dissolution methods) or spots from different in situ analyzes
may define straight mixing lines between common and radiogenic Pb end-members. The lower intersection of these lines
with the Concordia curve provides the age. This diagram is often used, especially for in situ methods results (SIMS, LA-ICPMS),
to date minerals containing significant amounts of common lead, like titanite, rutile, cassiterite, calcite. Because of the shape of the
Concordia, this method can be applied only to relatively young minerals, e.g., <~400 Ma old.

The K—Ar and Ar/Ar methods

The K—Ar method of dating of K-bearing minerals differs for at least two issues compared to U—Pb and Re—Os dating of zircon
and molybdenite, respectively. The first issue is that the relatively low closure temperatures of Ar diffusion in commonly dated
K-bearing minerals (Fig. 27), due to the high diffusivity of Ar, implies that K—Ar dates record the time at which the minerals cool
below their Ar closure temperatures. The latter, for most K-bearing minerals, fall in the lower range of hydrothermal temperatures
(Fig. 27) and therefore may be lower than the mineral crystallization temperatures. In such a case, the K—Ar date recorded by the
mineral will be younger than the mineral crystallization age. In other cases, the crystallization of the K-bearing minerals may occur
at temperatures that are similar or lower than their closure temperature. In such a case the K/Ar date will yield the crystallization age
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Fig. 30 The Tera-Wasserburg plot is often used for dating relatively young (e.g., <400 Ma old) minerals. Indeed, the plot shows that for ages >400 Myr the
resolution becomes worse. This is particularly true if the analyzes are not concordant and the age must be obtained by regression of various points and their
intersection on the Concordia line. In this a case the definition of such intersection becomes impossible for ages >~400 Myr. This type of diagram is particularly
used for minerals that contain variable amounts of common Pb (e.g., titanite, rutile, cassiterite, carbonates, and others). If various cogenetic minerals or domains
of the same mineral characterized by different U/Pb ratios are analyzed they may define a straight line which is a mixing line between the more radiogenic
samples/domains and the less radiogenic ones. The intersection on the lower side of the Concordia will yield the age whereas the intersection on the y-axis will yield
the common Pb isotope composition. Black dots on the Concordia correspond to 400 Myr intervals.

of the mineral. Careful petrographic studies should be carried out to evaluate the meaning of K—Ar ages of K-bearing minerals
associated with mineral deposits. This is especially true in multi-pulsed systems like porphyry deposits that are characterized by
long-lived thermal anomalies above the closure temperature of commonly dated K-bearing minerals (e.g., Chiaradia et al., 2014).
The second issue is that the K—Ar method requires independent measurements of K and Ar by distinct analytical methods on
different sample aliquots, which poses a problem of sample size and aliquot homogeneity. For other issues related with the K/Ar
and Ar/Ar dating systems applied to mineral deposits the reader may refer to Richards and Noble (1998) and Chiaradia et al. (2013,
2014).

The *°Ar/*’ Ar method of dating is a derivation of the K—Ar method, and has the advantage that a date can be obtained through a
single measurement of the same sample aliquot on a noble gas mass spectrometer. This is achieved thanks to the conversion of >°K
of the sample to *°Ar by neutron irradiation in a nuclear reactor. Since *°K and “°K occur in a fixed ratio, *’Ar becomes a proxy for
the measurement of *°K. This method requires the use of monitors with a known age for the quantification of the conversion of >°K
to >°Ar in the reactor, and is therefore an indirect dating method relying on the accuracy of the monitors’ ages (see Richards and
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Fig. 31 Ar/Ar data of a hornblende from a porphyritic rock associated with a porphyry Cu—Mo mineralization (San Carlos prospect, Pangui district Ecuador: data
from Chiaradia et al., 2009). In (a) it is reported the “°Ar/3®Ar age spectrum corresponding to the release of subsequent argon fractions from the hornblende upon
heating. The last five fractions (in green), corresponding to the higher temperatures, define ages that overlap within uncertainties yielding a plateau. The inverse
isochron plot (b) shows that the regression of the different heating steps yields an isochron age that overlaps within uncertainty with the plateau age and intersects
the 2®Ar/*°Ar axis at a value that is, within uncertainty, that of atmospheric Ar. This excludes the initial incorporation of significant amounts of non-atmospheric Ar in
the hornblende. The ages are reported with uncertainties stated as ‘x | y’ where x stands for the standard error and y for the studentized 95% confidence interval
(Vermeesch, 2018).

Noble, 1998, Dickin, 2005 and Faure and Mensing, 2005, for more details). The reader may refer to Chiaradia et al. (2013) for
potential problems related to inaccurate ages of the monitors when dating mineral deposit formation.

Another advantage of the “°Ar/>?Ar over the K—Ar method is that it allows the acquisition of a series of dates on the same sample
by incrementally heating it, which causes the release of Ar aliquots at each different heating step (Fig. 31a). The dates so obtained
correspond to the release of Ar from increasingly retentive (i.e., higher closure temperatures) parts or crystallographic domains of
the mineral. This method allows us to draw an age spectrum diagram using the dates obtained for each step of argon released during
the mineral heating process (Fig. 31a). In ideal cases, several steps (usually the higher temperature ones accounting for at least 50%
of the total *Ar released) provide statistically identical ages forming a so-called plateau age (Fig. 31a) (see Dalrymple and Lanphere,
1974; Lee et al,, 1991 for the requirements necessary to obtain a plateau age). This plateau age can be considered as the closest
approximation to the age of the mineral. Younger ages, usually pertaining to the lower temperature steps, correspond to parts
and/or crystallographic domains of the mineral that have undergone variable Ar loss. The isochron diagram (Fig. 31b) allows us to
evaluate whether the assumption that the isotope composition of the initial argon incorporated into the dated mineral at the time of
its formation, is indeed that of atmospheric argon that is used in Eq. (24) to calculate the age. The reader is invited to consult the
specific literature (e.g., Richards and Noble, 1998; Faure and Mensing, 2005; Dickin, 2005) for more detailed information on the
K—Ar and “°Ar/>’Ar dating methods.
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Isochrons
Another possibility to solve Eq. (24), for minerals with unconstrained value of D/D,.¢ is given by the observation that Eq. (24)
represents a straight line with a slope m

_ D/Rref - Dt/Rref

NO/Dref (26)

m
in the isotope space (D/Ryet~Dy/Ryef) versus No/Dy.r. Such a straight line is called an isochron, i.e., an alignment of points yielding the
same age. If several cogenetic minerals (or fractions of single minerals) have the same D,/R.fvalue (i.e., they were precipitated from
an isotopically homogeneous fluid or crystallized from an isotopically homogeneous magma), but different Ny/D,.f, they will plot
along the same line that intersects the D/R. axis at the D;/R¢ value and has slope m (Fig. 32a). By determining the slope of the
isochron it will therefore be possible to calculate an age substituting Eq. (26) into Eq. (24), which gives

t:%ln(m+ 1) 27)
and obtain Dy/R,f as the intercept of the isochron on the y-axis (Fig. 32a).

In (b) a Pb—Pb isochron is shown, i.e., an isochron constructed using only radiogenic isotopes. This isochron can be constructed
only for Pb isotopes, because only in the U—Pb system there are two radiogenic isotopes of the same element, Pb, that are generated
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Fig. 32 U—Pb (a) and Pb—Pb (b) isochron plots. In (a) a “conventional” isochron plot is shown in which the x- and y-axes correspond, respectively, to the
radioactive parent and radiogenic daughter both divided by a non-radiogenic isotope of the daughter element. Here the example is shown for the 233U-2%Pb decay
system, but the same plot can be used for, e.g., '®’Re-"870s, 8’Rb-87Sr, "#7Sm-"*3Nd. In (a) an isochron is generated by cogenetic minerals from the same
mineralization or different domains of the same minerals (e.g., stepwise leaching) that are characterized by the same initial 2°5Ph/2%4Pb ratio at the time t, of the
mineralization, but by different 28U/2°*Pb values (i.e., different p values). With time, the 238U/2%4Pb ratio decreases because of the radioactive decay of >*3U
whereas the ratio 2°°Pb/2**Pb increases by the same amount (because the number of disintegrated 222U isotopes ultimately decay to the same number of radiogenic
208py) jsotopes). For this reason, the slope of the decay lines in the plotis —1 (in absolute value). After t; = 200 Myr and t, = 400 Myr the different minerals/mineral
fractions are aligned along straight lines which slope depends on the elapsed time and intersect the y-axis always at the same initial 2°6Pb/2>*Pb value.
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by decay of two radioactive isotopes of the same element, U. The example shows how the same minerals/mineral fractions shown in
(a) would yield a Pb—Pb isochron in the Pb—Pb space.

In order to obtain a linear regression at least two samples should be analyzed, but two- and three-point regressions have very
limited statistical significance (e.g., Ludwig, 2001).

Robustness and precision of the regression of an ideal isochron (i.e., without any disturbance of the system) depend on (e.g.,
Chiaradia, 2023): (i) the spread of the points along the isochron (the wider the spread the lower the uncertainty on the isochron
age), (ii) the analytical uncertainty of the isotope ratios of each analysis (the lower this uncertainty the lower the uncertainty on the
age), and (iii) the number of points defining the regression. In many applications of isochron methods in geochronology, the
different points of a linear regression are represented by different but cogenetic minerals. The use of different minerals ensures that
they have a broad range of parent/daughter ratios which is a prerequisite to obtain a spread of points along the regression.

The use of Eq. (27) requires that the minerals used for the regression have remained closed systems since their formation and
that they have formed coevally incorporating the radiogenic isotope from the formation environment (fluid) in the same ratio to
the non-radiogenic isotope (e.g., the 2°°Pb/?**Pb ratio of all minerals at time 0 is 18.010 in Fig. 33a), i.e., they must be formed by an
isotopically homogeneous hydrothermal fluid, in the case of hydrothermal mineral deposits. It should be noted that the precision
of the isochron dating method is usually poorer than dating of minerals which incorporate no or very little initial daughter
isotope, e.g., U—Pb dating of zircon, Re—Os dating of molybdenite, “°Ar/>*°Ar (K—Ar) dating of K-bearing minerals.

Isochrons have been used for the Re—Os, U—Pb, Rb—Sr, Sm—Nd, Lu—Hf systems. The convention is to plot on the y-axis the
ratio of the radiogenic to non-radiogenic reference isotope (i.e., '8’0s/'80s, 2°°Pb/2°*Pb, 2°’Pb/?**Pb, 7Sr/*°Sr, *3Nd/'**Nd,
Y7SHf/'""Hf ) and on the x-axis the ratio of the radioactive nuclide to the stable non-radiogenic nuclide of the daughter (i.e.,
187Re/1880ys, 238(1/204pp, 235(1/204ph, S7Rp/S0sy, 147Sm/144Nd, 17SLu/ "’ Hf ) (Fig. 31a).

Pb—Pb isochrons

All the above conventional isochrons require precise and accurate measurement of the number of atoms of both the radioactive
parent and radiogenic daughter (Fig. 32a) which can only be achieved using Isotope Dilution (see above and Faure and Mensing,
2005; Dickin, 2005). The unique feature of the U—Pb system, with two radioactive nuclides of the same element (***U, 2*°U)
decaying to two stable radiogenic isotopes of the same element (*°°Pb, 2°’Pb) allows us to obtain isochrons in the stable radiogenic
Pb—Pb isotope space without the need of quantifying daughter and radioactive parent amounts (Fig. 32b), i.e., simply using
radiogenic to non-radiogenic isotope ratios of Pb, which do not require the Isotope Dilution approach.

Present-day Pb isotope signatures are the sum of the initial Pb incorporated by the system (mineral or rock) plus the in situ
grown radiogenic component due to U incorporation at the moment of formation of the system. If in a specific geologic context
different samples have incorporated initial Pb with the same isotopic composition but have different U/Pb ratios, after a certain
time t they will be aligned along a straight line which is an isochron characterized by a slope m

1 e/VZSSI _ 1
"= 13788 Lzmz N J (28)
where t is the time and A%*%, 223" are the decay constants of 2**U and 2*°U to 2°°Pb and *°’Pb, respectively (Fig. 32b). This

equation can be solved for t by obtaining the slope of the regression line in the 2°’Pb/?**Pb versus *°°Pb/?°*Pb space and then
interpolating it with slopes obtained by substituting into Eq. (28) a series of values of t.
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Fig. 33 Redox-dependent fractionation factors associated with different copper species. From Plumhoff AM, Mathur R, Milovsky R and Majzlan J
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In some cases, Pb—Pb isochrons of a single mineral can be obtained by sequentially leaching the mineral and extracting different
proportions of radiogenic and common lead from it (e.g., Frei and Kamber, 1995). The Pb—Pb isochron method of dating has been
applied to various ore minerals, like sulfides and oxides, especially from IOCG, skarn and orthomagmatic deposits.

Dating approaches
We can distinguish three main cases when trying to date a mineral deposit:

1. Methods that directly date ore minerals (e.g., sulfides, oxides) or mineralization-related fluids;

2. Methods that date hydrothermal minerals that are paragenetically associated with ore minerals as a result of fluid-rock
interaction or co-precipitation from the hydrothermal fluid;

3. Methods that date minerals allowing upper and lower age bracketing of the ore event.

Methods directly dating ore minerals and ore fluids

Re—Os is the most precise and accurate method for directly dating ore minerals (Stein et al., 2001; Markey et al., 2003), because Re,
being a siderophile to chalcophile element, is incorporated to variable extents into sulfide minerals. This method allows high
precision dating of molybdenite (MoS,) through Eq. (9) and a variety of sulfides and sulfosalts (pyrite, chalcopyrite, etc.; Morelli
et al.,, 2007; Saintilan et al., 2018) through the isochron method. The Re—Os method is very versatile and allows dating of a broad
range of mineral deposits because of the widespread occurrence of molybdenite and other Re-bearing sulfides in a great variety of
geological environments (e.g., porphyry systems, stratiform Cu deposits, IOCG, VHMS, MVT deposits: Ruiz and Mathur, 1999; Stein
etal, 2001; Li et al., 2017; Saintilan et al., 2018; Liu et al., 2015a, 2015b; Requia et al., 2003; Nozaki et al., 2014). U—Pb dating of
cassiterite has been extensively and successfully applied to directly date Sn deposits (e.g., Yuan et al., 2011) and U—Pb dating of
hematite has been applied to date directly IOCG deposits (Courtney-Davies et al., 2019, 2020).

Other methods have been used with variable success for directly dating ore minerals. Although these methods may yield less
precise and accurate ages because often based on the isochron method (see above), on parent-daughter systems that are less robust
than U—Pb and Re—Os, or on fluid inclusions with poor petrographic control, they are worth mentioning because they are the
only ones applicable to some types of deposits notoriously difficult to date. These include Rb—Sr isochrons on sphalerite to date
MVT deposits (e.g., Nakai et al., 1993; Christensen et al., 1997), although debate exists on the geological meaning of these ages and
ages using this method have not been reported recently, on sulfosalts to date Carlin-type deposits (Tretbar et al., 2000), and on
pyrite to date lode-gold deposits (Li et al., 2008). Sm—Nd isochron dating on sphalerite, galena and pyrite has been carried out to
date stratabound Pb—Zn—Ag deposits (Jiang et al., 2000) and on scheelite (CaWO,) to date W and Au deposits (e.g., Eichhorn
etal., 1997; Anglin et al., 1996; Zhang et al., 2019). Pb—Pb isochrons on sulfides and oxides (Frei and Kamber, 1995; Requia et al.,
2003), “°Ar/*>?Ar dating of pyrite (Smith et al., 2001) and sphalerite (Qiu and Jiang, 2007), as well as U-Th/He dating of Fe-oxides
(Wernicke and Lippolt, 1994) are other methods that can potentially be used for directly dating deposits where more reliable
methods of dating are not available.

Methods dating hydrothermal alteration associated with mineralization

K-bearing alteration minerals (e.g., amphibole, biotite, adularia, muscovite, alunite, illite, and various other clay minerals) are
almost ubiquitously associated not only with porphyry system mineralization and with low sulfidation epithermal deposits, but
also with other types of mineralization (orogenic gold, Carlin-type, VHMS) and therefore they have been widely used for dating
hydrothermal activity associated with various types of mineralization using the “°Ar/*°Ar dating method (e.g., Henry et al., 1997;
Marsh et al., 1997; Arehart et al., 2003). The *°Ar/>?Ar system, due to its low closure temperature in the majority of datable minerals
(Fig. 27), records the time at which a certain mineral has cooled below its closure temperature. Closure temperatures for the most
commonly dated K-bearing minerals range between 550 °C and 200 °C (Fig. 27), which is a range of temperatures encompassing a
wide variety of geological processes. Therefore, this method is sensitive not only to post-ore events during which temperatures may
rise above the closure temperatures of these minerals, but also to a protracted thermal anomaly, e.g., induced by subsequent magma
intrusions (Chiaradia et al., 2013). In such cases the date obtained will correspond to the time when the temperature drops below
the closure temperature of the K-bearing mineral which may be variably later than its time of formation. In other cases, the
K-bearing mineral may form at a temperature similar to its closure temperature and/or the cooling rate may be sufficiently rapid that
the cooling age virtually coincides with the crystallization time of the mineral. “°Ar/>°Ar dating of hydrothermal quartz fluid
inclusions (Kendrick et al., 2001) offers another possibility to date ore-related fluids in gangue minerals.

U—Pb dating of hydrothermal titanite, zircon, hematite, rutile, monazite, xenotime, allanite, and U—Pb isochron dating of
garnet may allow precise dating of different mineralization types like skarns, VHMS, orogenic gold-type and granitoid-related gold
deposits among others (e.g., Vielreicher et al., 2003; Schaltegger, 2007; Chiaradia et al., 2009; Fielding et al., 2017; Zhou et al., 2017;
Wafforn et al., 2018; Schirra and Laurent, 2021). U—Pb isochrons have been applied to date hydrothermal carbonates associated
with MVT mineralization (Grandia et al., 2000).

Rb—Sr isochron dating of hydrothermal minerals (biotite, muscovite) has been used in the past but has the same problems of
closure temperatures as “°Ar/>°Ar (Fig. 28) with the additional caveat that it is less precise (see above). Rather precise Rb—Sr
isochron dating of quartz-hosted fluid inclusions (Li et al., 2008) has also been reported. Sm—Nd dating of fluorite and calcite has
been successfully applied to date Carlin-type mineralization (Tan et al., 2019) and Sm—Nd dating of tourmaline has been applied
to date stratabound Pb—Zn—Ag mineralization (Jiang et al., 2000).
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Bracketing

Dating geological events that temporally bracket the time of the mineralization is an alternative approach to direct dating of ore or
hydrothermal minerals associated with the mineralization. The most common case is dating magmatic events that, through
stratigraphic or cross-cutting relationships, are demonstrably pre- or syn- and post-mineralization. For instance, U—Pb dating of
zircon has been used to bracket age and duration of magmatic hydrothermal activity associated with porphyry-type mineralization
by dating pre- to syn- and post-ore porphyry intrusions (e.g., Von Quadt et al., 2011). The same method, applied to dating volcanic
rocks occurring in the stratigraphic footwall and hanging-wall of strata-bound VHMS mineralization, has also been used to bracket
the age of VHMS mineralization (e.g., Barrie et al., 2002).

Transition metal stable isotopes

Since the advent of Multi-Collector Inductively Coupled Plasma Mass Spectrometry (MC-ICPMS) in the late 1990s stable metal
isotope geochemistry studies have covered applications ranging from the biological, archeological, chemical, and metallurgical
fields to the geological applications discussed there. Ore metal commodities, like Ti, V, Fe, Ni, Cu, Zn, Mo, Ag, Cd, Sb, Sn, Hg and Te,
have stable metal isotopes with measurable mass dependent isotopic fractionation recorded in a diverse set of minerals (sulfides
and oxides) and surface/ground fluids. The order of the isotopic shifts is in the 0.1 to 10%o range at a maximum (where the %o value
indicates the per mil deviation of a specific isotope ratio measured in a sample compared to the same isotope ratio measured in an
appropriate standard). Most values cluster within +4%. of the standards, thus sufficient ‘isotopic breadth’ exists to explore
physicochemical processes and potentially identify sources of metals. Due to the fact that Cu, Fe, and Zn have received the bulk
of attention to date, in the following we discuss the isotope systematics of these three transition elements and how they can be used
for mineral exploration and ore genesis questions.

The obvious importance of stable metal isotope analysis is that information from the commodity can be directly inferred with
these data. Many geochemical techniques provide information about the alteration silicate minerals or fluids that are in the
alteration silicates. These are important data, however, information directly obtained from the metals of interest is essential for
genetic models of ore deposits and for their exploration.

The measurement of stable metal isotope ratios has required developments both on the chemical separation techniques of these
metals and on the mass spectrometry and correction schemes for mass bias corrections. Both these technologies are continuously
evolving. For the separation techniques, the most important aspect is that the purification process does not induce fractionation of
metal isotopes. This could potentially occur in the dissolution steps, drying steps and during the ion exchange chromatography.
Multiple examples exist in the literature for each step and how metals are treated throughout. Typically, method papers accompany
each isotope system and provide pathways for analysis. In general, the resins used in ion exchange chromatography can induce
metal isotopic fractionation, thus careful yield calculations must be employed or a double spike must be used to account for this
potential pitfall. For sulfides enriched in the element of interest, systems like copper isotope analysis of copper sulfides or native
copper does not require chromatography. However, most published work used some procedure to purify the chemical matrix prior
to analysis in the mass spectrometer.

For the mass spectrometry, the major issue is establishing a means to monitor isotope fractionation induced by the instrument.
Traditional standard-sample-standard bracketing was employed at the start for metal isotope analysis. Next, doping of the unknown
samples with elements in a similar mass range, with a similar ionization potential and known stable isotope ratios was employed
with success and finally double spikes for elements with sufficient amounts of isotopes were used. Combinations of each correction
technique are used currently.

Synchronous with the establishment of different mass bias correction schemes, is the development of different metal isotope
standards for interlaboratory comparison. Multiple isotope systems use NIST generated standards as a means to compare all of the
data. For some of the NIST standards, absolute isotopic values are not provided, however comparison of data to the same material
provides a means for the community to use and compare data. Some groups provide international standards, like the Lyon Zn
standard (Moynier et al., 2005, 2017) and the ETH Zn standard (Archer et al., 2017). Isotope values are reported relative to these
standards and normalized.

Mass dependent isotope fractionation in elements with more than two stable isotopes, e.g., Ti, V, Fe, Ni, Zn, Mo, Ag, Cd, Sn and
Te, has been reported and is used to demonstrate the robustness of the measurements. In contrast, monitoring mass dependent
fractionation in elements with only two isotopes, like Cu, Ag, and Sb, is not possible. Data are traditionally presented in the %o
(third decimal place shifts or & notation)

xxE]ement 1
5**Element = ((Wﬂ) - 1) 1,000 (29)

xxElement
xxElemenl) standard

and (forth decimal place shifts or € notation)

xxElement sample
e*XElement = ((((MZZM)I) -1 10,000 (30)

xxElement
xxElement) standard
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The heavier isotope is reported in the numerator of the ratios so that positive values indicate enrichments of the heavier isotope and
negative values indicate enrichment of the lighter isotope with respect to the standard value. The majority of metal isotope papers
use the 8 notation above while the first papers used the & notation because the fractionation of metal isotopes was not thought to be
significant.

Modeling of the transition metal isotope data from natural samples involves several different strategies since both equilibrium
and kinetic processes cause stable isotope fractionation (see above). Most papers provide or cite experiments that constrained a
fractionation mechanism and the associated fractionation factor (o) defined as

" 1000 + dxxElement z
“71000 + dxxElement y

(31)

where z and y are components (e.g., vapor, aqueous fluid, mineral) in a defined system. The fractionation factors are applied in
open system Rayleigh distillation models using equations based on the following expression:

R

= = FeD 32
Ri (32)

where R is the isotope ratio, i is the initial ratio, F is the fraction of a remaining component and « is the fractionation factor. The

distillation models with chosen fractionation factors ‘fit’ data and show how different fractionation factors identify mechanisms

which relate to specific processes. The most difficult value to constrain in natural systems is F, thus many different creative

approaches have been used to constrain this important variable in the calculations.

Copper

Background and methods

Copper displays the largest range of all the stable metal isotope values reported in the literature with §°>Cu > 10%o. The data
provided here are reported relative to the NIST-976 copper isotope standard and since this was consumed several other copper
standards of similar isotope composition have been reported (Hou et al., 2016; Yuan et al., 2017; Zhang et al., 2020). Copper has
two isotopes (®*Cu and ®>Cu) and the first attempts for measuring copper isotope fractionation date back to the early 1960s by
Shields et al. (1965). In the late 1990s and early 2000s, the first papers with measurements from MC-ICPMS were reported.
Marechal et al. (1999) and Marechal and Albarede (2002) provided a robust chemical separation technique using BioRad MP-1
HCl-based resins along with a doping technique where Zn isotope values were correcting the Cu isotope data through an
exponential correction. At about the same time, Zhu et al. (2000, 2002) reported data on several copper-rich ore samples corrected
using standard-sample-standard bracketing.

These pioneering papers set the stage for developing more techniques to separate copper from complex silicate and organic
matrices as well as development of different schemes for mass bias correction. The most obvious problems with measuring Cu are
isobars, both on mass 63, like »?Na*Ar, and on mass 65, like 2>Mg*°Ar. Significant advances have been made in chemical
separations to eliminate isobars and provide robust measurement of copper isotope values in silicates (Bigalke et al., 2009;
Chapman et al., 2006; Liu et al.,, 2014a; Peel et al., 2008; Pokrovsky et al., 2008; Sossi et al., 2015), organic materials (Larner
etal, 2011; Navarrete et al., 2011; Sullivan et al., 2020), and salts from dried waters (Archer and Vance, 2004; Bermin et al., 2006;
Borrok et al., 2007, 2008; Kidder et al., 2020; Little et al., 2014; Vance et al., 2008). Equally important advances in the mass
spectrometry and mass bias corrections have been made using elements like nickel (Maher, 2005; Sossi et al., 2015) and gallium
(Hou et al.,, 2016; Zhang et al., 2020) that have ionization potentials that match copper more than zinc. The errors generated with
these data are lower at approximately 0.03-0.05%o, in contrast to errors associated with simple standard-sample-standard brack-
eting at 0.07-0.12%,. From an analytical standpoint, both errors allow for resolution of isotopic differences for most geological
samples.

Use in mineral exploration

Mineral exploration activities focused on identifying buried resources use geochemical signatures in surface/ground waters, soils,
Fe-oxides that are the residues of sulfide weathering and the ore-related sulfide minerals. Copper isotope compositions of all these
materials have been presented in the literature to date.

Ground and surface waters that interacted with copper mineralization along their path provide a direct means to monitor
favorable commodity mineralogy at depth. Copper isotope signals in these media show the greatest potential to identify hidden
copper resources because of the redox sensitivity of copper. Oxidation of copper sulfide minerals favors the heavier ®>Cu isotope.
Multiple experiments at low temperature demonstrate that leaching of chalcopyrite (Borrok et al., 2008; Kimball et al., 2009; Li and
Liu, 2022; Mathur et al., 2005), chalcocite (Mathur et al., 2005; Wall et al., 2011a), and bornite (Wall et al., 2011b) generates
leached copper-rich solutions that possess heavier copper isotope compositions than the starting sulfide mineral. In contrast,
minerals that possess oxidized copper do not fractionate copper to a significant degree as seen in the experiments and expressed as
fractionation factors in Fig. 33 (Plumhoff et al., 2021). These geochemical reactions with natural waters and copper sulfides have
been argued and modeled to generate different copper isotopic reservoirs (Fig. 34) where oxidized Cu appears in natural waters: the
residues are isotopically lighter in leached rocks and soils and the primary copper sulfide mineralization is approximately
0%o (Mathur and Fantle, 2015).
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Fig. 34 Distinct copper isotope reservoirs developed by the redox of copper sulfides. Note that the waters have a distinctly higher copper isotope value in
comparison to leached rocks/soils and the primary sulfides from where they potentially originated. From Mathur R and Fantle MS (2015) Copper isotopic
perspectives on supergene processes: Implications for the Global Cu cycle. Elements 11(5): 323—-329.

For the technique to operate, the kinetics of the reactions control the isotope fractionation because equilibrium is most likely not
achieved in the critical zone or slightly deeper. Several papers have demonstrated that the equilibrium reactions associated with
precipitation of different copper sulfides at low temperature can induce significant copper isotope fractionation. Redox has been
shown to cause the greatest degree of copper isotope fractionation whereas other variables like pH, changing temperatures,
biological activity, and adsorption cause lower degrees of copper isotope fractionation (Balistrieri et al., 2008; Fujii et al., 2013;
Guinoiseau et al., 2018; Liu et al., 2021; Navarrete et al., 2011; Pokrovsky et al., 2008; Seo et al., 2007). Similar variables along with
vapor induced fractionation at higher temperatures occur (Maher et al., 2011; Syverson et al., 2021) and will be discussed later.

To date, eight published studies have demonstrated that elevated copper isotope values found in surface and groundwaters can
be tied to weathering of copper sulfide buried at depth. Both exploration geochemical (Kidder et al., 2021; Mathur et al., 2013,
2014) as well as environmental geological applications (Borrok et al., 2008; Kimball et al., 2009; Song et al., 2016) document this
reaction happening in nature. Fig. 35 demonstrates the spatial patterning of the copper isotope values of seep waters in the Pebble
deposit in Alaska where the known area of copper mineralization has an elevated copper isotope value. Groundwaters show the
same potential in the Cloncurry mineral district, Australia (Fig. 36). These examples from Alaska and Australia demonstrate that
values between +1.5 and +4%o cluster near mineralization areas that possess known copper sulfides. This range mimics experimental
work referenced above and the strong patterning of copper isotope composition and known mineralization provides evidence for
the efficacy of the technique.

The values that are higher and lower than those associated with copper sulfide weathering could be related to a variety of
interconnected processes, ranging from adsorption to biological activity to different minerals carrying copper that are the result of
weathering. Due to the extremely low Cu concentrations these effects could be comingling and potentially difficult to interpret. The
Cloncurry dataset does not permit for distinction of any of these processes specifically, however it is known that copper could
fractionate to this degree given the geological environment from which the groundwaters were derived (Boujelben et al., 2009;
Farina et al., 2018; Liu et al., 2014a, 2014b, 2022; Navarrete et al., 2011; Pokrovsky et al., 2008). Given this obvious complexity, the
sampling strategy and proximity of known copper mineralization establishes the utility of this technique in this area. To properly
apply the technique in unknown areas of mineralization, ideally waters from known areas could be used to establish ranges as
exhibited here to constrain what mostly represents copper derived from sulfide weathering.
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Fig. 35 Copper isotope compositions of seep waters on and near the Pebble deposit in Alaska. The red square indicates the location of the deposit and the higher
copper isotope values are located on the deposit. Data are from Mathur et al. (2013).

The most plausible explanation for the higher Cu isotope values found in the groundwaters here could be tied to weathering of
pyrite. The only known solids measured at the higher values seen in these waters are copper isotope compositions in hydrothermal
pyrite. Fig. 36 demonstrates the overlap among these values. Without measuring multiple pyrite samples from these systems, no
complete connection can be verified. However, four facts would suggest that pyrite and distal pyrite should possess heavier copper
isotope compositions because (1) the known copper isotope fractionation mechanisms in hydrothermal systems favor the heavier
isotope in the vapor phase, thus the higher copper isotope values are traditionally found in the distal parts of systems, (2) oxidized
Cu** favors ®>Cu, (3) Cu*™* most likely substitutes for Fe** in pyrite (Reich et al., 2013; Tardani et al., 2017), and (4) heavier copper
isotope compositions were reported in pyrite from a porphyry copper and skarn deposits (Song et al., 2016; Su et al., 2018). The
congruence of these factors suggests that heavier copper should be present in pyrite and could be the cause for the higher values
found in the waters.

Importantly, values >+4.4%o form a ‘halo’ around the cluster of mineral deposits (Eliose, Jericho and Maranon). These values
could indicate weathering of pyrite of the hydrothermal systems associated with copper deposition. Given the circular plan view
geometry of these values around known mineralization, the fingerprint of the ‘economic’ mineralization could be extended to 5 km
distance from the known ore mineralization. Sizes of hydrothermal systems associated with mineralization are known to have
footprints on this scale and these data could indicate weathering of distal pyrites associated with mineralization. Therefore, the
copper isotope signals could potentially be used to indicate mineralization within a 5 km radius of mineralization.

As seen in Fig. 37, copper concentrations in the parts per trillion range possess copper isotope signals that indicate copper sulfide
weathering. Clearly, even at the lowest concentration level measured in groundwaters, the copper isotope compositions provide
relevant and important information. Therefore, the use of the copper isotope signals shows potential in low copper concentration
solutions of both surface waters (Pebble example) and groundwaters (Australian example).
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Fig. 36 Copper isotope compositions (55°Cu = 65_63) of deep groundwaters from the Cloncurry mineral district in Australia. From Mathur R, Mahan B, Godfrey L,
Degeling H, Tang J, Dirks P, Rea P, Paitl K and Lasinsky C (2023) Queensland Geological Report 2023/01.

Copper isotopic fractionation during weathering can also be used in the leached remains of sulfide minerals in leach caps.
Interpretation of limonite species in surficial weathering profiles has long been practiced to evaluate the potential for underlying
supergene copper enrichment in porphyry environments, with varying degrees of success. A study by Braxton and Mathur (2014)
revealed a broad range of 8°>Cu copper isotopic values for supergene phases between 27 and +6%o, representing the largest degree
of fractionation measured in one deposit to date. Significantly, copper isotope values from Quellaveco’s leached-cap iron oxides
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Fig. 37 Copper concentration versus copper isotope values for groundwater. Note that the concentrations of copper in most samples are less than a part per
billion. From Mathur R, Mahan B, Godfrey L, Degeling H, Tang J, Dirks P, Rea P, Paitl K and Lasinsky C (2023) Queensland Geological Report 2023/01.

display systematic variation as a function of the supergene geological context and maturity of the underlying supergene enrichment.
As seen in Fig. 38, limonites from Quellaveco showing weak isotopic depletion (8°>Cu -5.0 to —1.0%0) correspond to areas of the
leached cap overlying zones of moderate-strong copper enrichment, while those showing strong isotopic depletion (8°°Cu
<<-5%o) correspond to areas of the leached cap of the pyritic halo to the system. Leached cap limonites from Quellaveco showing
moderate to heavy isotopic values (§°*Cu >>+1%o) overlie zones where the sulfide enrichment blanket has been incised by erosion,
and has experienced physical and isotopic re-working.

The copper isotopic patterns observed for leached cap limonites from Quellaveco are consistent with Rayleigh models describing
leaching of variable amounts of copper from a hypogene (5°*Cu near 0%0) or enriched (8°°Cu > +2%o) copper sulfide zone
(Braxton et al., 2009; Braxton and Mathur, 2011). The isotopically lightest values (865 Cu as low as -27%o), characteristic of
limonites overlying the pyritic (5-10% pyrite) halo, reflect near-complete leaching of copper, a process consistent with the elevated
acid-generating capacity that would attend the weathering of such material. The study results suggest that copper isotope analysis of
supergene limonites represents a complement to, and an improvement upon, the traditional Fe-oxide studies in leach caps.

Multiple studies of soil profiles have been used from an environmental perspective to understand metal migration and
contamination from various point sources (Babcsanyi et al., 2016; Bigalke et al., 2009, 2010; Blotevogel et al., 2018; Détor-
Almazan et al., 2017; Fekiacova et al., 2015; Kusonwiriyawong et al., 2017; Liu et al., 2014b; Mathur et al., 2012a; Mihaljevic et al.,
2018; Song et al.,, 2016; Vance et al., 2016). From an exploration geological angle, the most important aspect seen in all of these
studies is that there are significant copper isotopic differences in soils and the processes related to metal movement in soils are
complicated and intertwined. The soil studies point to a geochemically dynamic system with regards to copper isotope fractionation
changing on a monthly to yearly interval. At the current time, no studies have shown distinct copper isotope signatures as a means to
identify buried mineralization. This does not occlude the potential utility of soils, rather points to the true complexities associated
with the bio-geo-chemical reactions in the soil profile.

Ore genesis processes and models

Copper isotopic analysis of minerals from both low and high temperature mineralization environments has provided key insights
into processes associated with metal migration. Redox reactions have been pointed to as one of the main causes of copper isotope
fractionation in all mineralization environments. However, biological, equilibrium, temperature, vapor, adsorption and other
mechanisms have been identified and used to interpret the isotopic shifts present in minerals associated with mineralization.

The largest amount of copper isotopic fractionation measured in nature is in the supergene enrichment environments. Mathur
et al. (2010) examined leach cap, enrichment and hypogene minerals. The porphyry copper deposits in Arizona (Silver Bell,
Morenci, Ray) possess three different Cu reservoirs, each one with unique Cu isotope signatures, where the 8°°Cu values for leach
cap minerals < hypogene minerals < supergene enrichment minerals. The pattern exists in all three deposits and most likely
resulted from oxidative weathering of Cu at surface and reprecipitation of Cu at depth. Other processes could have contributed
to the copper isotope signatures. Rayleigh distillation models with redox induced fractionation factors produce the Cu isotope
patterns found in the leach cap and quantify the degree of leaching. A comparison of the isotopic composition of the three reservoirs
among the three deposits reveals distinct differences: the Silver Bell mine possesses leach cap minerals that are more depleted in
5Cu and enrichment minerals that are more enriched in ®>Cu than both the Morenci and Ray mines. A possible explanation for the
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difference among the deposits could be that Silver Bell experienced a greater degree of leaching than Ray and Morenci. Palacios et al.
(2011) present a similar dataset for the secondary and primary minerals at the Spence deposit in Chile. They also interpreted the
+3%o0 8°>Cu values in chalcocite as a means to indicate significant degrees of supergene recycling of copper.

The importance of redox effects has been demonstrated in the sedimentary copper deposits. Multiple contributions (Asael et al.,
2007; Asael et al., 2012; Asael et al., 2009; Dekov et al., 2013; Haest et al., 2009; Markl et al., 2006; Pekala et al., 2011) show how
copper isotopes in chalcopyrite, bornite and copper oxides that formed in these environments are impacted by redox processes.
Fig. 39 shows an Eh-pH diagram associated with Cl-rich fluids thought to be related to sedimentary copper deposition. The
figure demonstrates how redox effects occur during the leaching of copper from oxidized sources and reduction during precipitation
of copper minerals. Interestingly, Luczaj and Huang (2018) did not report large copper isotope fractionation (°>Cu of 0 + 0.5%o)
in Mississippi Valley type ores and interpreted the data to indicate lack of redox reactions throughout the mineralization process.

Significant copper isotope fractionation occurs in the highest temperature systems involving sulfide mineralization like
mafic-ultramafic intrusions and associated deposits. Mantle partial melting and magmatic differentiation do not fractionate copper
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to a large degree as evidenced by a large set of peridotites, basalts and subduction-related andesites and dacites that match the bulk
silicate Earth (BSE), which has an average 8%°Cu value of around 0.06%o (Huang et al., 20164; Liu et al., 2015a, 2015b; Savag et al.,
2015). However, hydrothermal alterations under high temperatures in the basaltic oceanic crust may result in significant Cu isotope
fractionations (Guo et al., 2020; Guo et al., 2022; Huang et al., 2016b). Accordingly, mantle metasomatism and lower crustal rocks
with involvement of recycled crustal materials strongly fractionate Cu isotopes, spanning a wide range of 8°>Cu values from —0.64%o
to +3%o (Kempton et al., 2022; Liu et al., 2015a, 2015b). By analyzing native copper grains and whole rock copper in peridotite,
Ikehata and Hirata (2012) demonstrated that no Cu isotope fractionation occurs without sulfide segregation. It seems that the
addition of recycled crustal materials into the mantle source would result in obvious Cu isotope heterogeneity in the mantle source.
The magmas derived from mantle partial melting are expected to inherit the Cu isotopic compositions of their sources.

Recent studies show that significant Cu isotope fractionation (8°°Cu ~4%o) has been involved during the formation of magmatic
Ni—Cu deposits (Malitch et al., 2014; Ripley et al., 2015; Smith et al., 2022; Tang et al., 2020; Zhao et al., 2022b; Zhao et al., 2019;
Zhao et al., 2017). Many factors have been advocated to explain the large variation of Cu isotopes in these deposits, including
different mantle sources, variable degrees of mantle melting, different magmatic processes, crustal contamination, and/or redox
reactions (Malitch et al., 2014; Ripley et al., 2015; Zhao et al,, 2017, 2019; Tang et al., 2020). The generation of magmatic Ni—Cu
deposits involves a series of stages: (1) mantle melting; (2) magma ascent; (3) segregation of sulfide melt from silicate melt and
sulfide enrichment; (4) silicate mineral crystallization and possible internal fractionation within segregated sulfide melt. Malitch
etal. (2014) assert that the Cu isotopic variation of the deposits in the Noril'sk region may result from multiple magmatic processes,
different magma pulses, or assimilation of Cu from external sources. The distinct difference in 8°>Cu values between the sheet-style
and conduit-style mineralization in the Lake Superior area is likely caused by mantle sources, variable degrees of melting, sulfide
retention, and sulfide liquid fractionation (Ripley et al., 2015; Smith et al., 2022). It is difficult to precisely evaluate the contribution
of the factors causing significant Cu isotope fractionation in the mafic-ultramafic intrusions of the Noril'sk region and Lake Superior
area, since these intrusions are in different locations with diverse country rocks. Zhao et al. (2017, 2019) reported a systematic
Cu and Fe isotopes study of the Tulaergen Ni—Cu deposit, China. In this deposit, >2%o variation of 8°>Cu values has been
observed, and the potential influence from crustal contamination, hydrothermal overprinting, diffusion, mantle sources or
magmatic processes are excluded (Zhao et al., 2017, 2019). On the basis of negative correlation between §°>Cu and §°°Fe values
of chalcopyrite and positive correlation between 8°>Cu values of chalcopyrite and 5°°Fe values of whole-rocks, redox reactions are
expected to be the main factor governing the Cu isotope fractionation in magmatic Ni—Cu mineralization system (Zhao et al.,
2017, 2019). However, Tang et al. (2020) proposed that 5°°*Cu values show no correlation with intrusion/orebody shape, location
of sample in the orebody, lithofacies or type of mineralization in the Kalatongke and Baishiquan deposits (Central Asian orogenic
belt). The large variation of Cu isotopic composition in these deposits is attributed to the degree of partial melting in the mantle
source and associated magmas (Tang et al., 2020). Finally, Zhao et al. (2022a, 2022b) demonstrated a strong relationship between
the fO, of the magmas and the copper ores found in several Ni—Cu deposits in China to augment the relationship among redox
shifts causing predictable copper isotopic signals in ores (Fig. 40).

Perhaps the most studied mineralized systems by Cu isotopes are porphyry copper deposits and related hydrothermal
mineralization such as skarns and epithermal gold deposits. Fig. 41 shows the general patterning of chalcopyrite recorded in
porphyry copper deposits. Chalcopyrite in veins from cores of the systems associated with higher temperature alteration silicate
minerals, like biotite and K-feldspar, has lower copper isotope values that cluster around 0%o (Asadi et al., 2015; Braxton and
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Fig. 41 Cross section demonstrating the vectoring patterns using the copper isotope compositions of chalcopyrite and bornite. From Mathur R and Wang D
(2019) Transition metal isotopes applied to exploration geochemistry: Insights from Fe, Cu, and Zn. Ore Deposits: Origin, Exploration, and Exploitation, 163—183.

Mathur, 2011; Duan et al., 2016a; Graham et al., 2004; Gregory and Mathur, 2017; Li et al., 2010; Mathur et al., 2010; Mathur et al.,
2018; Mathur et al., 2009; Mirnejad et al., 2010; Wall et al., 2010). In contrast, chalcopyrite in veins from distal parts of the systems,
associated with lower temperature alteration silicate minerals like phyllite and kaolinite, have higher copper isotope values. Other
copper-rich minerals, like bornite, also show similar patterns (Dendas, 2011). The fractionation associated with liquid-vapor
partitioning in high temperature fluids coupled with equilibrium fractionation among copper-rich minerals has been modeled and
determined experimentally to generate the observed patterning.

Skarns display an inverse pattern where the higher copper isotope values are found in the cores of the systems and the lower
values are found in the outer parts (Larson et al., 2003; Maher et al., 2003; Yao et al., 2016). This inverse relationship is most likely
related to the mechanisms that are fractionating copper during the formation of copper minerals from the hydrothermal solution.
Mabher et al. (2011) demonstrated with experimental data that pH, fO, and salinity were related to fluid-vapor formation of
different copper species into the vapor phase. Thus, perhaps the difference in fractionation patterns between these two systems is
related to metal transport with different ligands. For instance, CuCl species form in the acidic fluids associated with porphyry copper
deposits in silicate rocks, in contrast CuCO species form in buffered reactions associated with skarn mineralization. The different
bond strengths associated with the metal-ligand could lead to different fractionation factors during mineral precipitation.

Epithermal Au deposits show a similar pattern to porphyry copper deposits (Duan et al., 2016a) and the gold-rich ores in these
systems also have 8°Cu values that cluster around 0%o (Mathur et al., 2012b; Saunders et al., 2015). Interestingly, the pattern of
lower values in the core of the deposits and higher values on the borders is identical to porphyry copper deposits (Wu et al., 2017;
Zhao et al., 2022a). If porphyry copper deposits are related to epithermal systems at depth, the isotopic values at the cores of the
systems should be higher than that found in porphyries, instead they are identical. To date, the only copper isotope values of a
system where a porphyry copper deposit is clearly beneath an epithermal system are data from Yanacocha (Condon et al., 2012).
At Yanacocha, the values of copper isotopes in chalcopyrite are lowest in the deepest parts of the porphyry and become higher to the
base of the epithermal system. The two chalcopyrite and chalcocite values at the base of the epithermal system return §°>Cu values
~0%o and then values become higher in the outer portions of the epithermal system. These preliminary data suggest that the two
hydrothermal systems are unique and not linked to the same hydrothermal event.

Volcanic-hosted massive sulfide (VHMS) deposits display the largest range of copper isotope variations within the higher
temperature hydrothermal systems. Rouxel et al. (2004 ) presented values from an active VHMS site in the Mid-Atlantic and reported
ranges of 8°>Cu values of up to 3%, which was attributed to reworking and later stage mobilization of copper. Berkenbosch et al.
(2015) found smaller variations in a modern VHMS mineralization in the Pacific and noted that the liquid-vapor partitioning could



EARTH’S LITHOSPHERE | Applications of radiogenic and transition metal isotopes 1001

explain the fractionation because vapors emitted from the chimneys are metal-rich. Ancient VHMS systems do not display large
copper isotope variations in the massive ores, with 8°>Cu values ranging around 1%o and do not display simple, systematic spatial
variations of copper isotopes (Ikehata et al., 2011; Mason et al., 2005).

Given the large array of potential fractionation mechanisms operating on copper during mineralization events across all ranges
of temperatures discussed above, relating the copper isotope values of ores to those of source rocks is difficult. Figs. 42 and 43 are
summary figures of all published copper isotope values in mantle rocks, crustal rocks, and ores. The violin plots show obvious
overlapping signatures in all reservoirs for metal as well as the metals in ores. Pointing to specific mantle or crustal reservoirs as a
source for copper in mineral deposits is challenging. For example, the mean values for PCDs, Mt. Isa and the Michigan copper ores
are nearly identical and match that of the mantle average value. Continental basalts reported by Liu et al. (2015a, 2015b) nicely
overlap the Mt. Isa and Michigan copper deposits. Given that copper in these deposits has been suggested to come from continental
rift basalts, perhaps the overlap reflects a source signal. Again, the overlap and large range restrict convincing interpretations.

The mean values perhaps provide some insight into the ‘starting’ copper isotope signal in mineral deposits before fractionation
mechanisms operate and create the unimodal distribution seen in most deposit types. The shapes (ranges) and means viewed in this
manner provide interesting comparisons and ability to infer processes operating during deposition of copper minerals. For instance,
deposits that form at variably low temperatures, like VHMS and sedimentary copper deposits, display the largest ranges. This
demonstrates that the combination of multiple processes can produce the largest degrees of copper isotope fractionation.
Interestingly, the lowest mean values in sedimentary copper deposits could reflect the reductive transport of copper from oxidized
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sedimentary rocks. The ranges for epithermal/porphyry copper deposits are larger than seen in places like the Michigan and Mt. Isa
copper deposits, where moderate temperature fluids lacked a vapor phase and thus show smaller ranges of copper isotope
fractionation. Therefore, summative comparison among the different deposits provides insights into different processes operating
during mineralization, perhaps suggesting a more robust interpretation of the mean values.

Iron

Background and methods
Iron has four stable isotopes, >*Fe, *°Fe, *"Fe and *®Fe that comprise, respectively, 5.845%, 91.754%, 2.119% and 0.286% of natural
occurring iron. There are an additional 24 known radioactive isotopes of iron, but none of these are useful for understanding
mineral systems because their half-lives are too short, ranging from nanoseconds to years, or their concentration is too small for
practical use. Iron isotope data are reported as 8°°Fe (%o) and/or 8°”Fe (%o) relative to the IRMM-14 standard and values of > Fe%o
and 8°°Fe%o are converted to each other by using the equation 5>’ Fe%o ~ 1.58°°Fe%o (Johnson et al., 2020). The use of iron isotopes
has evolved rapidly over the past two decades because advances in multi-collector (MC) magnetic sector ICPMS have reduced
molecular interferences or because the increased resolution of modern mass spectrometers allows the measurement of Fe isotopes
on the '°0*°Ar shoulder (mass 56 interfering with *°Fe) (Anbar, 2004; Belshaw et al., 2000; Johnson et al., 2020). The abundances
and calculated *°Fe/>*Fe ratio and >“Fe/>Fe ratio of samples and IRMM-14 are now routinely measured with a repeatability of
<100 ppm at 95% confidence level.

Iron isotope abundances are routinely measured in solution of bulk samples and in situ, using a femtosecond laser ablation
system to vaporize a reduced mineral volume (spot) and measure the abundance of iron isotopes in the aerosol via MC-ICPMS.
Details of the method can be found in Weyer et al. (2005).

Ore genesis processes and models

The use of iron isotopes has proven effective at distinguishing among multiple possible sources of iron in magmatic-hydrothermal
and hydrothermal environments, despite the significantly smaller range of isotope fractionation for iron relative to copper (Fig. 44).
The total range of 3°°Fe for all analyzed terrestrial materials is from ~-1.00 to +1.00%o (Johnson et al., 2020 and references therein).
There is a systematic fractionation of iron isotopes during the chemical evolution of silicate magmas, with 5°°Fe%o values for whole
rocks increasing from basalts to rthyolites. The 3°°Fe values of olivine, biotite, amphibole, and pyroxene in volcanic rocks are within
the range defined for their igneous whole rocks and are relatively constant from basalt to rhyolite, whereas 6>°Fe values of magnetite
are systematically heavier than their igneous host rock and silicate minerals. It has also been demonstrated that iron isotopes
fractionate during degassing of a silicate melt reservoir (Heimann et al., 2008). The highest reported values of 5°°Fe are for intrusive
and extrusive igneous rocks that preserve independent evidence for the loss of a magmatic-hydrothermal fluid, which is explained
by preferentially scavenging of >*Fe from the melt by the exsolved fluid.
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Fig. 45 Spatial and temporal distribution of important iron oxide-apatite mining districts. Iron oxide-apatite (I0A) deposits are distributed worldwide and have
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subduction-related extensional tectonic settings. I0A deposits (stars) can display spatial and temporal associations with iron oxide-copper-gold (I0CG) systems
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(>100 Mt) IOA deposits, including their relation to the supercontinent cycle (gray blocks). Ma, million years ago. The bar colors match the symbols in (a). The
formation of key 10A districts is broadly coincident with the break- up of the supercontinents Kenorland, Columbia, Rodinia and Gondwana. Reproduced with
permission from Reich M, Simon AC, Barra F, Paima G, Hou T and Bilenker LD (2022) Formation of iron oxide—apatite deposits. Nature Reviews Earth & Environment
1-18.

A growing number of studies have used iron isotope abundances in bulk magnetite from iron oxide-apatite (IOA) deposits to
fingerprint the source of iron. The first to report iron isotope data for magnetite from IOA deposits in the Cretaceous Chilean iron
belt, the Plio-Pleistocene El Laco IOA deposit in Chile, and the Proterozoic Kiruna IOA district in Sweden (Fig. 45), were Bilenker
et al. (2016, 2017) and Knipping et al. (2015a, 2015b). Subsequent studies reported iron isotope data for samples from IOA
deposits globally (Fig. 45).

The data reveal that §°°Fe values of magnetite in ore samples from all locations across nearly 3 billion years of Earth history
(Fig. 45) fall within the range of about 0.00%o to +1.00%o.. These values are equal to the values for igneous rocks, and Knipping et al.
(20153, 2015b) and Bilenker et al. (2016) proposed that the overlapping range of iron isotope values for unequivocally igneous
magnetite and magnetite in IOA deposits fingerprint a silicate magma as the source of iron in IOA deposits globally (Fig. 46). More
recent studies of magnetite from El Laco (Childress et al., 2020a), the Chilean iron belt (Childress et al., 2020a; Rodriguez-Mustafa
et al., 2022), the Bafq district, Iran (Troll et al., 2019), the Griangesberg Mining District, Central Sweden (Troll et al., 2019), the
Missouri IOA district, United States (Childress et al., 2016; Tunnell et al., 2021), and the Kiruna Mining District, Northern Sweden
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(Troll et al., 2019) have corroborated this interpretation. The iron isotope data have been paired with oxygen isotope data in several
studies, and together these data fingerprint a juvenile magma as the source of iron in IOA deposits globally (Reich et al., 2022;
Simon et al.,, 2017) (Fig. 46). Combining iron and oxygen isotopes for magnetite from IOA deposits also reveals that
post-mineralization processes change the oxygen but not the iron isotope compositions. This is seen most clearly in the oxygen
isotope data of El Laco that document a systematic relationship between alteration of magnetite to hematite and goethite and
decreasing oxygen isotope values (Fig. 47).

Knipping et al. (2019) used in situ femtosecond laser ablation multi-collector inductively coupled plasma mass spectrometry
(LA-MC-ICP-MS) to measure intra-grain and grain-to-grain iron isotope abundances in magnetite to obtain spatial information
within compositionally zoned magnetite grains. Bulk analysis for iron isotope abundances of magnetite grains yielded 5>°Fe values
that range from 0.06%o to 0.50%., within the range reported for igneous and magmatic-hydrothermal reference materials. These
authors reported that magnetite cores yield 3°°Fe values of 0.24%o, whereas magnetite rims yield 8°°Fe values of 0.15%o. This
systematic core-to-rim decrease in 8°®Fe%o values of magnetite is consistent with a two-stage growth process wherein magnetite cores
grew in equilibrium with silicate liquid and magnetite rims grew in equilibrium with magmatic-hydrothermal fluid. The authors
also report that the concentrations of Ti, Al, Ga, V, Mn, Zn in zoned magnetite grains systematically decrease from core to rim, which
is consistent with igneous nucleation and growth followed by magmatic-hydrothermal growth around the igneous core.

Several studies have reported iron isotope data for magnetite from iron oxide-copper-gold (IOCG) deposits. These data indicate
that the iron isotope composition of IOCG deposits covers approximately the same range as that for IOA deposits (Fig. 45). For
example, 5°°Fe values of magnetite from the Mantoverde and Candelaria IOCG deposits in Chile overlap values for IOA deposits
in the same district (Childress et al., 2020b; Rodriguez-Mustafa et al., 2022).

There are only a few studies that report iron isotope data for porphyry systems. Graham et al. (2004) reported 5°”Fe values for
chalcopyrite and pyrite from the Grasberg porphyry gold deposit that range from -3.02%o to +0.19%0 and -0.26%o to +1.62%o,
respectively. These authors emphasize that, despite the overlap in the total range of °’Fe values, there are only a few values for
chalcopyrite and pyrite that are statistically similar. The fact that the majority of the 8°”Fe values for chalcopyrite and pyrite do not
overlap indicates either isotopic fractionation between the two minerals or precipitation from different fluids. The data demonstrate
that pyrite preferentially incorporates heavier iron isotopes relative to chalcopyrite and the authors suggest that iron isotope
fractionation between these two sulfides may be temperature-dependent.

Wawryk and Foden (2017) reported iron isotope data for whole rocks and mineral separates from the granitic source rocks
of the Renison porphyry tin deposit in Tasmania. The 5>’ Fe values for whole rock range from +0.27%o to +0.43%o. The > Fe values
for arsenopyrite, chalcopyrite, pyrite, pyrrhotite, magnetite and siderite range from, respectively, +0.85%o to +1.11%o, +0.28%0 to



EARTH’S LITHOSPHERE | Applications of radiogenic and transition metal isotopes 1005

All available data 0.8
104 o Magmatic/High-T Origin Magmatic/High-Temperature Origin ’
. (Ranges defined by Taylor, 1968; Heimann et al., 2008
Biotberget: ~625°C and modified by Bilenker et al., 2016)
magmatic fluid
0.5 Altered ? \),OQ ’?’ ® i +Q 06
0 Samples @ é o * + o
e O\ gl i~ 2 C@ CPS § %
@ g b O o
!5?.-) 0+ <400°C alteration > L7 ’ o< o7 " L >—{>—‘ _é_ ..é.< 0.4 2
pre) at El Laco = y & + g\"
™ Q@: ¢ |4 8 =
05 " L J >—(7 . ! o
Non-magmatic/ »(}* 0.2
Low-T Origin '% 3 + . + —%FF
1.0 ot ‘ + . + x <}
T T T T T T T T T T O
-6 -4 -2 0 2 4 6 8 1 2 3 4 5
880 (%o) 080 (%o)
@ Los Colorados' Kiruna, Sweden' BysrEcs NS
@ El Laco' Pea Ridge, MO, USA’ m‘; ngt.t('egf.el d“
® El Lac? @ Pilot Knob, MO, USA® gnetite 1
O Mantoverqe magnetite® @ Tuolumne Intrusive Suite, Cﬁ, USA' ~ Predicted direction
Other CIB @ Dannemora Skarn, Sweden .7 of hydrothermal
Mineville, NY, USA' @ Banded Iron Formation® . alteration in Fe-O
Grangesberg Mining District (GMD), Sweden? © Mantoverde hematite’ B space
GMD additional material® ¥ Igneous Reference Material®
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+1.32%o, +0.89%0 to +1.59%o, +1.0%0 to +1.01%o, —1.00%o to 0.00% and 0.07%o to +0.05%.. These authors compared calculated
mineral-mineral fractionation factors from their data with theoretical predictions of equilibrium fractionation and reported that the
temperatures obtained from the natural mineral-mineral pairs agree with published temperatures determined from fluid inclusion
microthermometry. However, the mineral-mineral temperatures are not consistent with the expected decreasing temperature from
the central hotter part of the system towards the periphery. Hence, the authors conclude that temperatures determined using
mineral-mineral iron isotope fractionation factors should be used with caution.

Iron isotope data for magnetite, pyrite, and chalcopyrite as well as granodiorite host rocks in the Bolong and Duobuza ore bodies
of the giant Duolong porphyry Cu—Au deposit, Tibet, record changes in isotopic composition for different alteration assemblages
(Li etal., 2018). These data reveal that magnetite is isotopically enriched compared with pyrite, which is explained by fractionation
during fluid cooling and precipitation of magnetite followed by chalcopyrite. The calculated equilibrium &°“Fe values for fluids
from which magnetite and chalcopyrite precipitated are systematically lighter than the mineral phases and the fluids are isotopically
lighter than the granodiorite hypothesized to be the fluid source. Interestingly, the results reveal that chalcopyrite in oxidized
systems is isotopically lighter than in reduced systems. This indicates the potential to use the iron isotopic composition of
chalcopyrite as a redox indicator.

Wawryk and Foden (2017) reported iron isotopic data for the Batu Hijau porphyry-Cu-Au deposit (Indonesia) that further
document a heavier isotope signature for magnetite relative to chalcopyrite. These authors report that iron isotopic signatures
increase with increasing silica content of the igneous units. Magnetite from the ore body is isotopically heavier than chalcopyrite,
which is isotopically lighter than chalcopyrite from reduced porphyries. The authors suggest that crystallization of pyrrhotite,
because of its preference for isotopically light iron and the effects of redox conditions on iron, influences the signature of
chalcopyrite.

Wei et al. (2020) reported that the iron isotopic composition of igneous magnetite is significantly heavier than coeval ilmenite in
an anorthosite-hosted Fe—Ti oxide ore body. Iron isotopic fractionation between magnetite and ilmenite likely occurred at
subsolidus conditions during cooling and oxidation of ulvospinel. These authors also reported that igneous pyrite is isotopically
heavier than hydrothermal pyrite, indicating that the iron isotopic composition of a magmatic-hydrothermal fluid is lighter than its
source melt. This observation appears to be systematic across magmatic-hydrothermal deposit types.

Wang et al. (2011) reported iron isotope compositions of mineral separates and bulk samples from the Xinqiao Cu—Fe—Au
skarn deposit of Anhui, China. The §°’Fe values for quartz-monzodiorite whole rocks range from —0.15%o to +0.29%o. The 5°’Fe
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values for magnetite, granular pyrite, colloform pyrite and chalcopyrite range from, respectively, —0.54%o to +0.20%o, —1.05%o to
+0.73%0, —1.22%o to +0.15%o, and —0.98%o to —0.72%o. There are spatial and temporal relationships among the 8>"Fe values of the
mineral phases and the authors propose that these variations may result from incorporation of Fe from host rocks during
hydrothermal metasomatic processes, or Fe-isotope fractionation during fluid evolution. The 5°“Fe value of the host country rock
is 0.41%o, which eliminates the possibility that contamination by the country rock can explain the higher 8°”Fe values for pyrite.
The authors conclude that, based on the work of Heimann et al. (2008), fractionation of iron isotopes during fluid evolution is the
most plausible explanation for the inter-mineral ranges of 3°”Fe values among magnetite, granular pyrite, colloform pyrite and
chalcopyrite.

There is a dearth of iron isotopic data for sedimentary exhalative (SEDEX) Zn—Pb deposits. Gao et al. (2018) report that the
3°°Fe values of sphalerite and pyrrhotite from the brecciated Zn—Pb ores of the main ore body in the giant Dongshengmiao
deposit, China, change systematically within the main ore body, which they explain by Rayleigh fractionation during hydrothermal
fluid flow, with lighter Zn and Fe isotopes preferentially incorporated into the earliest sulfides. The 5°°Fe values of sphalerite exhibit
more variability than 8°°Zn values of sphalerite, which is attributed to coeval precipitation of pyrrhotite that preferentially scavenges
light iron from the hydrothermal fluid. The lead isotopic data for this system are consistent with a single hydrothermal fluid. There is
a positive spatial correlation between the iron isotopic signature of pyrrhotite and sphalerite and copper mineralization that
indicates the potential to use the iron isotopic data as a vectoring tool for copper.

Iron isotope data from VHMS deposits have been used to decipher their formation. Otake et al. (2021) report that sulfides from
the ferruginous sedimentary rocks of the Kuroko VHMS deposit have §>°Fe values that vary by almost 4%o from about —2.00%o to
+2.00%o0. The 3°°Fe values are significantly fractionated from that expected for iron dissolved in high-temperature, seafloor
hydrothermal fluids, which range from -0.70%o to —0.10%., and iron in igneous and clastic sedimentary rocks, which range from
-0.10%o to +0.40%o. The data indicate that partial oxidation of ferrous iron in the hydrothermal fluid played a key role in the
precipitation of iron hydroxides and oxides. The heavy isotopic values of iron hydroxides and oxides likely reflect coeval
precipitation of sulfides and deposition of ferruginous sedimentary rocks. The Cu-rich ores are isotopically heavier than Zn-rich
black ores, which have the lightest iron isotope signature in the deposit. These data are consistent with mixing of
magmatic-hydrothermal fluids and seawater, which caused rapid precipitation of sulfide minerals to form the black ores. On the
contrary, the yellow ores likely formed by slow growth of pyrite from high-temperature hydrothermal fluids that replaced the
black ores.

Iron isotopes have also been used to understand processes in unconformity related uranium deposits. Potter et al. (2015)
reported iron isotopic compositions of whole rocks and clay separates from the Bong uranium deposit, Thelon Basin Canada. The
highest 5°”Fe values in the ore body correlate spatially with hematite-rich alteration and argue against formation of hematite during
paleoweathering. These data indicate that significant fractionation occurred during oxidation of Fe?* to Fe** and simultaneous
reduction of U®* to U**, which resulted in hematite and uraninite precipitation, respectively.

A few studies have used iron isotopes to fingerprint the source of iron in metamorphic environments. Whitehouse et al. (2015)
used iron isotopes to test the hypothesis that iron-rich rocks in quartz-amphibole-pyroxene gneiss on the island of Akilia, southern
West Greenland, might have inherited their iron from a banded iron formation. These rocks have been proposed to be either
mafic-ultramafic igneous rocks that were subjected to extreme ductile deformation and high-grade metamorphic metasomatism,
which added significant silica (i.e., quartz), or to represent an original chemical sedimentary origin. These authors report bulk-rock
3°°Fe signatures as high as +1.00%o, which are similar to early Archean banded iron formations from Isua. The elevated iron isotope
values cannot be explained as inheritance from the mafic igneous protoliths, but rather suggest a chemical sedimentary origin for
the iron isotope fractionation.

Zinc

Background and methods

Zinc has five isotopes (64, 66, 67, 68, 70) and, due to its high ionization potential, was not initially explored for isotopic
fractionation until the advent of MC-ICPMS in the 1990s. Chemical purification through chromatography has been employed
on ores and rocks. The separation technique employed for copper can also yield zinc at a later aliquot during the column chemistry
procedure (Marechal et al., 1999). Other techniques have been employed using similar resins and slightly different acid protocols to
confidently separate Zn (Bermin et al., 2006; Chapman et al., 2004; Mason et al., 2004; Moynier et al., 2006; Peel et al., 2008; Petit
et al., 2008; Ponzevera et al., 2006; Sossi et al., 2015).

Zn isotope values are traditionally reported as 8°°Zn (using °°Zn/®*Zn) in the per mil (%.) format. Mass dependence has been
reported for §°”Zn and/or §°®Zn for most materials. Mass bias is corrected using the NIST-976 copper isotope standard coupled with
standard-sample-standard bracketing. Errors for these analyzes are slightly lower than for copper with typical 26 ranges from
40.03%o to £0.05%o.

Ore genesis processes and models

Zinc isotope fractionation is significantly smaller than seen in copper (Fig. 48) and most likely relates to the fact that there are not
significant redox shifts with Zn in natural ore forming environments, Zn having only one oxidation state. As Borrok et al. (2008)
demonstrated, the dissolution of sphalerite does not induce significant Zn isotopic shift at about +0.2%. enrichment in the solution.
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Fig. 48 Zn isotope variations in rocks and ores. Note that there are smaller ranges than seen for copper. All data are reported relative the Lyon Zn standard.

Therefore, no water geochemistry involving Zn and mineral exploration currently exists in the literature. Most studies concerning Zn
ores show that some patterning could be seen in sphalerites and relate the variations to mineral depositional processes.

Several papers with relatively small datasets demonstrate that the largest Zn isotope fractionation on Earth occurs in mineral
deposits. The largest range of Zn isotope fractionation occurs on the seafloor with 3°°Zn values spanning over 1%o (John et al.,
2008). The variation has been tied to lighter Zn precipitation in the first sphalerites forming from the cooling vent fluids. Yang et al.
(2022) further corroborated this evidence by looking at sphalerite from an ancient seafloor continental VHMS deposit. The
combination of S and Cd isotopes allowed them to infer the potential for biological activity in the fractionation of Zn isotopes.
Mason et al. (2005) also reported fractionated Zn signals in hydrothermal seafloor vent mineralogy, with higher Zn isotope
compositions found on the rims of chimneys.

Multiple Zn isotope studies have focused on sedimentary exhalative, MVT and Irish Midland deposits. Genetic models for all
these deposits share some similarities, like the association with carbonate rocks, and some distinct differences in mineralogy and
fluid compositions (Hitzman et al., 2010; Leach et al., 2005). From a Zn isotope perspective, the Irish Midland deposits possess the
largest Zn isotope variation (Wilkinson et al., 2005). Highly fractionated Zn was also reported at the Broken Hill deposits in
Australia (Spry et al., 2022). An integrated isotopic approach combining S and Cd with the Zn isotope composition aided
interpreting the Broken Hill deposits to be related to syngenetic deposition of sulfides with a clear biological signature preserved
in the ores. The importance of the interpretation is that the combined isotopic approach is still able to reveal these processes even in
ores that experienced high degrees of post-mineral metamorphism.

Smaller ranges of Zn isotope fractionation were reported in several classic sedimentary exhalative deposits. Kelley et al. (2009)
reported a 8°°Zn range of about 0.5%o for ores at the Red Dog deposit in Alaska. They observed a pattern of changing Zn isotope
composition in space and related the variations to fluid pathways. Post-mineral deposition processes could have caused such
pattern, as argued for the metamorphosed ores at Balmat (Matt et al., 2020). The ore lenses at Balmat show a distinctly higher mean
value of sphalerite down plunge of the major syncline (Fig. 49). Matt et al. (2020) argued that the slight Zn isotope variation of the
values could reflect slight melt mobilization from the core of the structure to the limb. Zhou et al. (2014) measured Zn isotope
compositions in sedimentary exhalative deposits in China and the variable Zn isotope values among the related mineral deposits
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Fig. 50 Violin plot of Zn isotope values from different mineral deposit types. Data from various sources.

were argued to be caused by different source rocks as well as slight changes in the mineralization fluids. Wang et al. (2021a, 2021b)
and Duan et al. (2016b) used Zn isotope values in the Zhaxikang deposit, Tibet, to demonstrate that Zn precipitated through
sedimentary-exhalative processes and that an epithermal system overprinted the deposit.

The violin plot of Fig. 50 shows the variations among the deposits discussed above. The mean values do not show much
consistency across deposit types. However, the ranges show that different processes must be operating during the formation of these
Zn deposits. For instance, the traditional sedimentary exhalative deposits like Balmat, Red Dog, and Mt. Isa clearly have a distinctly
smaller range in Zn isotope composition in comparison to all the other sphalerite deposits reported. These differences in range of Zn
isotope compositions allow for distinction of mineral deposit process which could easily be related to pH and different Zn chloride
or Zn carbonate speciation during mineral precipitation, as pointed to by Ducher et al. (2018) and Fujii et al. (2011).

Only one contribution has really explored how Zn behaves in the supergene low temperature environment. Mondillo et al.
(2018) analyzed sphalerite and associated Zn oxides from multiple places across the globe (Fig. 51). They found that willemite has
the greatest compositional variability, and that significant fractionations in positive and negative directions are recorded relative to
the precursor phase. They pointed to several bonding and precipitation mechanisms which would lead to the recorded Zn isotope
compositions. Zn oxide data were also presented in Matt et al. (2022). These authors observed a systematic trend in the Zn oxide
phases where 5°°Zn decreased in value according to the following order: franklinite < williminite < zincite. This trend matched the
theoretical predicted fractionation of Zn during precipitation of Zn oxides from moderate temperature solutions (Ducher et al.,
2018). The pattern is consistent with a sedimentary exhalative origin for these deposits.
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Conclusions and outlook

Isotopes have been used since almost a century to investigate the formation processes of mineral deposits. For application purposes
in mineral deposit studies we can distinguish three types of isotopes: (i) stable non-radiogenic isotopes; (ii) stable radiogenic
isotopes, and (iii) unstable (radioactive) isotopes. Stable non-radiogenic isotopes of the same element (both with light, e.g., H, C, O
and heavy atomic weights, e.g., Fe, Cu, Zn) fractionate in measurable amounts during chemical (e.g., redox reactions), physical (e.g.,
temperature), and biological (e.g., biogenic activity) reactions. Therefore, they are most suited to track processes that are associated
with changes in these parameters during the formation of mineral deposits. Although in its “infancy,” the application of
“unconventional” metal stable isotopes to the study of mineral deposits is quickly growing allowing us to investigate processes
previously not addressable with “traditional” isotopes as highlighted by the examples discussed above. A more extensive application
to mineral deposit investigations of isotopes of elements displaying MIF, such as Hg and S, as well as of clumped isotopes, both of
which are already used to investigate other geological processes, could be beneficial to deepen our understanding on some aspects
of the formation of ore deposits.

Stable radiogenic isotope variations in the Earth depend on (i) the chemical partitioning of parent and daughter elements (e.g.,
Rb—Sr, U—Pb, Sm—Nd), which can occur both during deep Earth processes in the mantle and crust (e.g., partial melting, magma
fractionation, metamorphism) as well as during surface processes (e.g., weathering), and (ii) on the time in the past when these
processes occurred. As such, stable radiogenic isotopes are powerful tracers of metal (and other element) reservoirs, of their
involvement during mineralization processes, and of their reciprocal interactions. Stable radiogenic isotopes are mostly used as
tracers of metal and fluid sources in mineralization and of fluid-rock interactions helping us to reconstruct the hydrothermal
plumbing system of the mineralization.

The combined use of radioactive parent and radiogenic daughter isotopes allows us, using simple isotope decay equations, to
determine the time in the past when a mineral became a closed system with respect to the thermally-induced diffusion of parent and
daughter isotopes. For some isotope systems and minerals this time coincides with the mineral formation and therefore this method
allows us to determine the time of formation of a mineral deposit. In turn, this allows us to link mineral deposit formation to major
geological processes occurred throughout Earth'’s history.

Continuous methodological, instrumental and analytical improvements have allowed us to reduce the size of the material to
analyze, so that currently we can carry out all types of isotopic studies discussed above on samples ranging from bulk hand samples,
to mineral separates, to single minerals, to specific portions of single minerals and even on single fluid inclusions hosted by
minerals. The possibility to carry out isotopic studies at all these scales combined with increased precision (and accuracy) in the data
gives us a powerful tool to investigate not only processes of ore formation but also their timescales, i.e., allows us to calculate rates of
ore-forming processes. Quantifying the rates of geological processes, including ore-forming ones, is a new frontier if we want to
understand how fast the fluid, metals and energy needed to form a mineral deposit are delivered to the system: this has impacts on
our understanding of the large-scale geological processes that control the formation of mineral deposits.
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The future of isotopic studies applied to mineral deposits, and not only, will be to push the limits of precision and spatial
resolution with the aim to obtain almost a time-lapse reconstruction of a mineral deposit formation. This can only be achieved
through the combined information provided by different isotope systems and their foreseeable future improvements.
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