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Summary
Convection of surface-derived ambient fluids have been considered a dominant
physical agent for cooling magmatic intrusions and metal-rich fluids expelled from upper
crustal magma chambers. This interaction between hydrothermal and magmatic activity in the
vicinity of large magmatic plutons is a primary factor in forming ore deposits in the upper crust.
This thesis aims to answer whether the thermal interaction of fluids of different origin by itself
suffices to trigger copper precipitation, or whether the physical mixing of magmatic and
meteoric fluids is essential for ore formation in porphyry copper systems. High-resolution, insitu oxygen isotope analyses were carried out in combination with numerical simulations of
oxygen isotope and silica transport by non-isothermal fluid flow in porphyry copper system.
High-resolution, in-situ ion microprobe analysis and cathodo-luminescence imaging
were conducted on quartz samples from the well-described Yankee Lode tin deposit. This was
a first test to validate the capability of these methods for tracing meteoric water influx and
capturing small-scale variations in the isotopic composition of hydrothermal quartz, and hence
of the fluid from which the quartz precipitated. Our microanalytical results confirmed
interpretation of conventional (regional macroscopic) isotope and fluid-chemical data for a
major role of a meteoric water admixture to the magmatic tin-mineralizing fluid, as prime cause
for cassiterite precipitation. The same procedure was applied to quartz from copper-bearing
hydrothermal vein samples from two economically significant porphyry copper deposits:
Elatsite and Bingham Canyon. The Elatsite sample was collected from the outer part of the
porphyry copper ore zone of this deposit, while the Bingham sample originated from the central
region of a particularly highest-grade orebody. The isotopic composition of fluid precipitating
the latest quartz generation of the copper-bearing hydrothermal vein in the Elatsite sample
clearly shows that meteoric water was present after ore formation. At this peripheral location,
the onset of ore formation is accompanied by minor quartz precipitation from a fluid with an
isotopic composition reflecting a mixture of meteoric and magmatic fluids. Around the time of
the main ore formation stage, intense quartz dissolution occurs, recorded by truncations of
earlier quartz generations in the investigated sample, prior to overgrowth by a low-temperature
quartz generation. Fluid evolution paths in the NaCl-H2O model system and thermodynamic
modelling of quartz solubility confirm that dissolution over such a large temperature interval
requires the incursion of a heated meteoric water component into the liquid mixture at the
sampling location, consistent with the dilution of salinity recorded by fluid inclusions. The
copper-bearing hydrothermal vein investigated from Bingham Canyon captures hydrothermal
processes occurring in the central part of the ore zone. The isotopic composition of quartz and
fluid seems to follow the same trend as the Elatsite sample, but no unambiguously surfacederived water is recorded by any quartz generation in the investigated hydrothermal vein,
despite similar evidence of re-dissolution and later re-cementation by two successive quartz
generations. While isotopic compositions of hydrothermal quartz and fluid from the tinmineralized Yankee Lode deposit provided unambiguous evidence of physical mixing of
magmatic and meteoric fluids, the isotopic composition of pre- and minor syn-ore
hydrothermal quartz from both Elatsite and Bingham Canyon show uniform magmatic values.
v

This implies that other significant mechanisms are at work in porphyry copper systems,
including the possibility of high-temperature re-equilibration between hydrothermal fluid and
previously precipitated quartz. These ambiguities call for a more quantitative assessment of
fluid flux, temperature variation and isotopic fractionation between fluid and rock in the natural
magmatic-hydrothermal system.
As a first step in this direction, generic one- and two-dimensional numerical simulations
of non-isothermal oxygen isotope exchange by infiltration of hot fluid into cooler rock were
computed. Results show a significant and previously unexpected enrichment in heavy oxygen
isotopes in fluid as well as rock at an evolving thermal front. For the case of equilibrium isotope
exchange, the maximum enrichment is determined by the initial isotopic composition of pore
fluid and rock, the fluid-rock ratio, and the maximum change in temperature, but is independent
of the isotopic composition of injected fluid. The geochemical gradient developing between
the isotopic compositions of the enriched fluid and the infiltrating fluid induces a second
isotope exchange mechanism upstream of the thermal front, i.e., at relatively constant
temperatures. Kinetically controlled isotope exchange further complicates the process along
the flow path by an additional isotope exchange mechanism, linked to the fast fluid infiltration,
downstream of the thermal front. However, temporal variations of stable isotope signatures
follow the same principles and can lead to significant enrichment in heavy isotopes at the
thermal front, compared to the isotopic composition of the initial pore fluid. This effect has
never been reported or considered before, yet significantly affects possible interpretations of
stable isotope data from natural rocks.
Recent numerical simulations of hydrothermal fluid flow in porphyry copper systems,
which link the effect of the dynamic interplay between saline fluid flow and rock permeability
were one of the motivations for this project. These two-dimensional models were expanded to
include non-isothermal isotope exchange as well as dissolution and precipitation of quartz. The
new model relates the physical extent of magmatic and surface-derived fluids with quartz
precipitation/dissolution and isotopic evolution of the fluid, host rock, and hydrothermal
quartz. Results of quartz precipitation/dissolution show that copper precipitation can be
accompanied by both quartz dissolution and precipitation, depending on the location within the
magmatic-hydrothermal fluid plume. The numerical model shows that in the most copper
enriched center part of the plume, copper and quartz precipitate contemporaneously and ore
deposition starts from entirely magmatic fluid shown by the physical extent of fluids with
different origin. Large quartz precipitation rates result in massive quartz accumulation and
increasing vein densities towards depth even if quartz precipitation may be temporally and/or
locally interrupted by quartz dissolution intervals related to high pressure-temperature
conditions in the upflow zone. At the periphery of the magmatic fluid plume, intense quartz
dissolution, at or shortly after the first copper precipitation event, is linked to the incursion of
heated, surface-derived fluids. Previously formed hydrothermal quartz veins dissolve and
eventually disappear at these locations. However, at the onset of fluid mixing, which depends
on the position inside the hydrothermal fluid plume, the isotopic composition of the
hydrothermal fluid and quartz have a magmatic character. Two possible mechanisms were
predicted by the numerical simulation to maintain the apparent magmatic character of the fluid
mixture: (1) an enrichment in δ18O at the thermal front and (2) high-temperature revi

equilibration of fluid with previously precipitated, isotopically enriched hydrothermal quartz
vein.
The results show that porphyry copper ore deposition indeed occurs at the interface of
magmatic and meteoric fluids and that it can be accompanied by physical mixing of these
fluids. Nevertheless, meteoric water incursion, unlike the tin-mineralized Yankee Lode deposit,
is not a first order trigger of ore precipitation in porphyry copper systems. Field evidence of
downward increasing vein density in porphyry copper stocks (Batu Hijau, Bingham Canyon
deposits) appear to match the predictions of numerical simulation results. Meteoric water
incursion as a cause of quartz dissolution in the Elatsite sample is confirmed by the simulation,
which predicts this process to occur close to the time of copper precipitation at peripheral
locations of the fluid plume. Strongly increased isotopic compositions of hydrothermal quartz
and fluid from several (El Indio, Summitville, Kingsgate) porphyry copper systems and nearconstant isotopic composition of hydrothermal quartz from Bingham Canyon and Elatsite
porphyry copper deposits match with, and can be explained by isotope exchange mechanisms
(enrichment in δ18O and/or high-temperature re-equilibration) evolving in the numerical model.
In summary, the results of this project demonstrate the importance of numerical simulations of
fluid and heat transfer, as a pre-requisite for accurate interpretation of isotope data from
transient hydrothermal systems.
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Zusammenfassung
Konvektion von oberflächennahen Fluiden wird als ein dominantes physikalisches
Mittel zur Kühlung von magmatischen Intrusionen und metallreichen Fluiden, die aus
Magmakammern der oberen Erdkruste ausgestoßen wurden, angesehen. Diese
Wechselwirkung zwischen hydrothermaler und magmatischer Aktivität in der Nähe von
großen magmatischen Plutonen ist ein primärer Faktor, der für die Bildung von Erzlagerstätten
in der oberen Erdkruste eine große Rolle spielt. Ziel dieser Dissertation ist zu klären, ob die
Entstehung porphyrischer Kupferlagerstätten durch thermische Wechselwirkung zwischen
Fluiden unterschiedlicher Herkunft alleine zu erklären ist oder ob die physikalische
Vermischung dieser Fluide wesentlich ist. Hochauflösende in-situ Sauerstoff-Isotopenanalysen
wurden mit numerischen Simulationen von Sauerstoff-Isotopen und Siliziumdioxid-Transport
durch nicht-isotherme Fluidströmung in porphyrischen Kupferlagerstätten gekoppelt um diese
Fragestellung zu beantworten.
Es wurden hochauflösende in-situ Ionen-Mikrosondenanalysen und KathodenLumineszenz-Tomographie von Quarzen aus der gut beschriebenen Yankee Lode
Zinnlagerstätte durchgeführt. Dies diente zur Überprüfung, ob diese Methoden dazu geeignet
sind den Einfluss von meteorischen Fluiden anhand von kleinen Änderungen der
Isotopenzusammensetzung von hydrothermal gebildetem Quarz und damit auch der Lösung,
aus der dieser Quarz ausgefällt wurde, zu rekonstruieren. Unsere mikroanalytischen Ergebnisse
bestätigten die konventionelle Interpretation von Isotopen-Daten, dass die Vermischung von
meteorischen und Zinn-führenden magmatischen Fluiden eine entscheidende Rolle für die
Ausfällung von Kassiterit spielt. Das gleiche Verfahren wurde für Quarze aus kupferhaltigen
hydrothermalen Adern von zwei wirtschaftlich bedeutenden porphyrischen Kupferlagerstätten
angewendet: Elatsite und Bingham Canyon. Von Elatsite wurde eine Probe aus dem
Randbereich dieser porphyrischen Kupferlagerstätte genommen, während die Bingham-Probe
aus dem zentralen Bereich eines besonders hochgradigen Erzkörpers stammt. In der Probe von
Elatsite ist die Anwesenheit von meteorischen Fluiden nach der Erzgenese durch die
Isotopenzusammensetzung der jüngsten Quarzgeneration innerhalb einer mineralisierten Ader
dokumentiert. Im Randbereich des hydrothermalen Systems, von welchem diese Probe
stammt, wird der Beginn der Erzbildung von einer kleinen Menge Quarz begleitet. Dieser
Quarz wurde von einer Lösung präzipitiert, die eine Mischung aus meteorischen und
magmatischen Fluiden darstellt. Während des Haupterzbildungsstadiums tritt eine intensive
Quarzauflösung auf, welche durch Lösungserscheinungen in früheren Quarzgenerationen
erkennbar ist. Anschließend wurden die Überreste dieser teilweise aufgelösten
Quarzgenerationen von einer neuen, bei tieferen Temperaturen gebildeten Quarzschicht
überlagert. Mögliche Entwicklungen des Fluides im NaCl-H2O-Modellsystem und die
thermodynamische Modellierung der Quarzlöslichkeit bestätigen, dass die Auflösung über
solch ein großes Temperaturintervall den Einfluss einer aufgeheizten meteorischen
Fluidkomponente erfordert. Die Mischung von primären magmatischen mit meteorischen
Fluiden zeigt sich auch anhand der geringen Salinität von Flüssigkeitseinschlüssen, welche in
der neu gebildeten Quarzgeneration eingeschlossen wurden. Die aus Bingham Canyon
ix

untersuchte Kupfer-führende hydrothermale Ader dokumentiert die hydrothermalen Prozesse,
die im zentralen Teil des hydrothermalen Systems für die Erzgenese verantwortlich sind. Die
isotopische Zusammensetzung von Quarz und Fluid scheint dem gleichen Trend zu folgen wie
die Probe von Elatsite. Obwohl ebenfalls ein Lösungsevent gefolgt von einer neuen
Quarzgeneration zu sehen ist, gibt es keine isotopische Hinweise auf ein Einwirken von
meteorischen Fluiden. Während Isotopen-Zusammensetzungen von hydrothermalem Quarz
und Fluid aus der Zinn-Lagerstätte Yankee-Lode einen eindeutigen Beweis für die
physikalische Vermischung von magmatischen und meteorischen Fluiden lieferten, zeigte die
Isotopenzusammensetzung von hydrothermalem Quarz, welcher vor und während der
Erzgenese gebildet wurde, aus Elatsite und Bingham Canyon einheitliche magmatische Werte.
Dies impliziert, dass andere wichtige Mechanismen bei porphyrischen Kupferlagerstätten eine
tragende Rolle spielen, einschließlich der Möglichkeit eines erneuten Gleichgewichts zwischen
hydrothermalem Fluid und zuvor ausgefälltem Quarz. Diese Unklarheiten verlangen eine
quantitativere Beurteilung des Fluidflusses, der Temperaturschwankung und der
Isotopenfraktionierung zwischen Fluid und Gestein im natürlichen magmatischhydrothermalen System.
Als erster Schritt in diese Richtung wurden ein- und zweidimensionale numerische
Simulationen durchgeführt, welche den nicht-isothermen Sauerstoff-Isotopenaustausch beim
Eindringen von heißen Fluiden in kaltes Umgebungsgestein beschreiben. Die Ergebnisse
zeigen eine signifikante und bisher unerwartete Anreicherung von schweren SauerstoffIsotopen im Fluid und Gestein im Bereich einer sich entwickelnden thermischen Front. Für den
Fall des Gleichgewichts-Isotopenaustauschs wird die maximale Anreicherung durch die
anfängliche Isotopenzusammensetzung von Fluid im Porenraum und Gestein, dem FluidGestein-Verhältnis und der maximalen Temperaturänderung bestimmt. Sie ist aber unabhängig
von der Isotopenzusammensetzung des injizierten Fluides. Bei relativ konstanten
Temperaturen wird ein zweiter Isotopenaustauscheffekt durch den Unterschied zwischen dem
injizierten und isotopisch bereits angereichertem Fluid angetrieben. Der kinetisch gesteuerte
Isotopenaustausch kompliziert das Verfahren entlang des Strömungsweges durch einen
zusätzlichen Isotopenaustauschmechanismus, der mit der schnellen Fluidinfiltration verbunden
ist. Jedoch folgen zeitliche Variationen von stabilen Isotopensignaturen den gleichen
Prinzipien und können zu einer signifikanten Anreicherung von schweren Isotopen im Bereich
der thermischen Front führen. Dieser Effekt wurde bisher noch nie beschrieben und daher auch
nicht berücksichtigt. Dennoch beeinflusst er maßgeblich die möglichen Interpretationen
stabiler Isotopendaten von natürlichen Gesteinen.
Die jüngsten numerischen Simulationen des hydrothermalen Fluidflusses zur Zeit der
Entstehung von porphyrischen Kupfer-Lagerstätten, welche das Zusammenspiel von
salzhaltigen Fluidströmungen und Felspermeabilität beschreiben, waren eine der Motivationen
für dieses Projekt. Diese zweidimensionalen Modelle wurden erweitert, um den nichtisothermen Isotopenaustausch sowie die Auflösung und Ausfällung von Quarz mit
einzubeziehen. Das neue Modell befasst sich mit der physikalischen Ausdehnung von
magmatischen und oberflächennahen Fluiden, der Quarzentstehung und -auflösung, sowie der
Isotopenentwicklung der Fluide, des Umgebungsgesteins und des hydrothermalen Quarzes.
Die Ergebnisse der Quarzentstehung und -auflösung zeigen, dass die Präzipitation von Kupfer
x

aus einer hydrothermalen Lösung sowohl von Auflösung als auch Entstehung von Quarz
begleitet werden kann. Ob Quarz gebildet oder aufgelöst wird ist dabei abhängig von der Lage
innerhalb des magmatisch-hydrothermalen Systems. Das numerische Modell zeigt, dass in dem
am stärksten mit Kupfer angereicherten Zentrums des Systems Kupfer und Quarz aus einer
primär magmatischen Lösung präzipitieren. Die hohen Raten der Quarzpräzipitation führen zu
einer massiven Anreicherung von Quarz. Dies resultiert in einer mit der Tiefe zunehmenden
Dichte von hydrothermalen Quarzadern, auch wenn die Präzipitation von Quarz zeitlich
und/oder lokal durch Quarzauflösungsintervalle unterbrochen werden kann. Diese Intervalle
stehen in
Verbindung mit
hohen
Druck-Temperatur-Bedingungen
in
der
Aufwärtsströmungszone. An der Peripherie des magmatisch-dominierten Bereichs ist eine
intensive Quarzauflösung bei oder kurz nach dem ersten Kupferausfällungsereignis mit dem
Eindringen von erhitzten, oberflächenbedingten Fluiden verbunden. Bisherige hydrothermale
Quarzadern lösen sich auf und verschwinden schließlich in diesem Bereich. Jedoch bei Beginn
der Fluidmischung, die von der Position innerhalb des hydrothermalen Systems abhängt, zeigt
die Isotopenzusammensetzung des hydrothermalen Fluides und des Quarzes magmatischen
Charakter. Zwei mögliche Mechanismen wurden durch die numerische Simulation
vorhergesagt, um den scheinbaren magmatischen Charakter des Fluidgemisches
aufrechtzuerhalten: (1) eine Anreicherung in δ18O an der thermischen Front und (2)
Gleichgewichtswiederherstellung bei hohen Temperaturen zwischen Fluid und vorher
gebildetem, isotopisch angereichertem, hydrothermalem Quarz.
Die Ergebnisse zeigen, dass die Bildung von Kupfererz in porphyrischen KupferLagerstätten tatsächlich an der Grenzfläche von magmatischen und meteorischen Fluiden
auftritt und dass es von einer physikalischen Vermischung dieser Fluide begleitet werden kann.
Trotzdem ist der Einfluss von meteorischen Fluiden, anders als bei der Zinn-Lagerstätte
Yankee-Lode, kein Hauptmechanismus für die Erzpräzipitation in porphyrischen
Kupfersystemen. In solchen Lagerstätten (wie z.B. Batu Hijau und Bingham Canyon) stimmen
die Vorhersagen der numerischen Simulation mit der scheinbar zunehmenden Dichte von
Quarzadern mit der Tiefe überein. Der Einfluss von meteorischen Fluiden als Ursache für die
Quarzauflösung in der Probe von Elatsite wird durch die Simulation bestätigt, die diesen
Vorgang zur Zeit der Kupferbildung in den peripheren Bereichen des Systems vorhersagt. Das
numerische Modell kann stark erhöhte Isotopenzusammensetzungen von hydrothermalem
Quarz und Fluid aus mehreren (El Indio, Summitville, Kingsgate) porphyrischen
Kupfererzlagerstätten und die nahezu konstante Isotopenzusammensetzung von
hydrothermalem Quarz aus den Lagerstätten Bingham Canyon und Elatsite durch die
Isotopenaustauschmechanismen (Anreicherung in δ18O und / oder Hochtemperatur-ReEquilibrierung) erklären. Zusammenfassend zeigen die Ergebnisse dieses Projektes die
wichtige Bedeutung von numerischen Simulationen für eine richtige Interpretation von
Isotopendaten in hydrothermalen Systemen.
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1

Introduction

1.1 Porphyry copper systems and magmatic-hydrothermal ore formation
Porphyry copper systems provide nearly three quarters of the world’s copper, half the
molybdenum, and a significant part of gold supply (Sillitoe, 2010). Millions of tons of metal
can be accumulated in less than a cubic kilometer of hydrothermally altered rock bodies above
active and ancient subduction zones. The anomalous element concentrations indicate
enrichments by about two orders of magnitude above average crustal composition (Candela,
2003). The fact that porphyry copper deposits have been generated worldwide since the
Archean and are characterized by essentially similar geological and geochemical signatures
(Sillitoe, 2010) indicates that they were not formed by a single specialized event in the Earth’s
history. Instead, the common features call for a uniform formation mechanism that involves a
rare conjunction of several ordinary enrichment processes (Heinrich and Candela, 2014).
Although porphyry copper deposits form at depths of a few kilometers below the
surface, they are rooted in deeper plutons intruded to depths of 5 km or more (Sillitoe, 1973;
Chiaradia and Caricchi, 2017). The formation of giant porphyry copper systems requires
voluminous amounts of magma to accumulate and provide sufficient metals and other essential
elements, such as sulfur and chlorine, to a large quantity of fluid exsolved from the crystallizing
magma (Burnham and Ohmoto, 1980; Dilles, 1987; Cline and Bodnar, 1991; Chiaradia and
Caricchi, 2017). Expelled magmatic fluids are focused by convective self-organization and/or
by geological structures of increased permeability upon ascent and carry the essential ore
ingredients toward shallow depths (Burnham, 1979; Fournier, 1999). The fluids continuously
interact with the wall rock, resulting in chemical alteration reactions including potential isotope
exchange between fluid and rock. As the fluids rise, they cool, phase-separate, and selectively
precipitate copper and other metals when favorable physicochemical conditions are reached
along the flow path (Hedenquist and Lowenstern, 1994; Bodnar 1995; Heinrich and Candela,
2014).
Hydrothermal convection of ambient fluids can result in significant cooling of, and/or
mixing with magmatic fluids and is likely to be an essential factor contributing to ore deposition
in the upper crust (Cathles, 1977). Unambiguous evidence from stable isotopes and fluid
inclusions from a magmatic-hydrothermal tin deposit (Yankee Lode, Mole Granite, Australia)
show that mixing of ascending magmatic and convecting meteoric fluids eventually triggered
ore precipitation (Eadington, 1983; Sun and Eadington, 1987; Audétat et al., 1998).
In porphyry copper systems, the current prevailing theory supports metal precipitation
from entirely magmatic fluids, while meteoric water acts as a cooling agent and mixes only in
peripheral low temperature alteration zones or by late post-ore overprinting (Gustafson and
Hunt, 1975; Eastoe, 1978; Sillitoe, 2010).
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However, recent studies that combine fluid inclusion and cathodo-luminescence petrography
indicate that precipitation of the bulk of the copper sulfides texturally postdates the deposition
of most of the high-temperature quartz in veins that may occupy tens of volume percent of
porphyry copper deposits. Sulfide minerals are embedded or surrounded by younger
generations of quartz that precipitated at lower temperatures and pressures (Rusk and Reed,
2002; Redmond et al., 2004; Landtwing et al., 2005; Landtwing et al., 2010; Stefanova et al.,
2014). The spatial correlation of intense quartz veining and metal enrichment, but a temporal
decoupling of quartz and copper sulfide precipitation at the textural scale of single veinlets,
may be a common feature of porphyry copper deposits. This observation is not yet well
understood, but likely will provide a key to understanding the main metal enrichment by
localized precipitation of ore minerals.
1.2 Stable isotope studies
Stable oxygen isotope analysis of hydrothermal quartz, the most abundant mineral
added to magmatic-hydrothermal ores, is an established tool to investigate complex
hydrothermal processes around the time of ore formation (Taylor, 1974; Bowman et al., 1987;
Hedenquist et al., 1998; Watanabe and Hedenquist, 2001). The distinct and characteristic
isotopic composition of meteoric and magmatic water (Craig, 1961; Taylor, 1979) has been
widely used to infer the origin and evolution paths of ore-precipitating fluids. In practice, the
isotopic compositions of the fluids are calculated from the measured isotopic compositions of
hydrothermal quartz, and the precipitation temperatures. For this calculation, isotope
equilibrium is assumed between quartz and fluid. Applying the temperature-dependent and
mineral-specific isotope fractionation determined from experiments (e.g. Matsuhisa et al.,
1979) thus allows calculation of the isotopic composition of the fluid (Campbell and Larson,
1998). This well-established approach is the most effective way to gain information about the
isotopic composition and origin of the fluid. To track short-term processes and changes in the
fluid’s isotopic composition, which are characteristic for a dynamically evolving magmatichydrothermal system, high-resolution in-situ isotope measurements are more informative than
bulk rock analysis. A combination of high-resolution, in-situ isotope analyses and CathodoLuminescence (CL) mapping of hydrothermal quartz veins from porphyry copper systems
enables the distinction of different quartz generations and definition of their isotopic
compositions (Tanner et al., 2013).
With this analytical method, the isotopic composition of the hydrothermal fluid, which
precipitates quartz and copper if formed contemporaneously, can be determined from natural
samples. However, the local oxygen isotopic composition of a quartz-precipitating fluid is itself
the product of the preceding fluid – rock interaction history along the flow path of the fluid.
Over the last decades, numerous studies used one-dimensional transport models of
oxygen isotope exchange to investigate the isotope evolution between rock and flowing fluid
(e.g. Baumgartner and Rumble, 1988; Lassey and Blattner, 1988). Time-integrated fluid-rock
ratios, rock properties such as porosity and permeability, and isotope exchange kinetics were
5
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incorporated in later one-dimensional simulations (Bowman et al., 1994; Baumgartner and
Valley, 2001). Injection of fluid into a porous rock matrix with an isotopic composition that
differs from that of the interstitial fluid leads to an isotope exchange front between an upstream
(water-dominated) and a downstream (rock-dominated) segment of the flow path (e.g. Bowman
et al., 1994). As fluid isotopically equilibrates with the rock, the exchange front advances along
the flow path and the composition of the system gradually evolves toward equilibrium between
the local fluid mixture and the rock matrix. The rock composition reflects equilibrium with the
infiltrating fluid in the water-dominated segment of the flow path, while the fluid composition
reflects the equilibrium with the initial composition of the rock in the rock-dominated outflow
segment (Fig. 1.1).

Fig. 1.1: Isotope evolution of pore fluid as a function of non-dimensional time (τ) and distance (Z) for the case of
equilibrium oxygen isotope transport. Modified after Bowman et al. (1994).

These analytical simulation results provide essential insights into to the effect of mass
balance and kinetic exchange rates on isotope fractionation during fluid advection. Most of the
published simulations considered a constant temperature during fluid flow and applied the
corresponding fractionation factor to describe the exchange mechanism. For describing kinetic
isotope exchange, a non-dimensional number was introduced, the Damköhler number, which
describes the relative importance of mass exchange by fluid-rock reaction (reaction rate) to the
advection component by fluid flow (Boucher and Alves, 1959; Blattner and Lassey, 1989). The
larger the Damköhler number is, the higher the reaction rate becomes relative to the fluid
infiltration rate. A large Damköhler number implies near-equilibrium exchange conditions.
In real geologic systems, especially in hydrothermal systems that continually evolve,
fluid flow is driven by magma intrusions or by convection induced by temperature gradients.
Heat that is added to the porous host rock results in temperature variations along the flow path
and temperature differences between fluid and rock. The effect of a transient thermal front on
temperature-dependent isotope exchange mechanisms must therefore be considered, but this
6
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basic effect on isotope exchange has not yet been explored. Furthermore, exchange kinetics
must be adjusted to the temperature evolution of the system, based on experimentally
determined kinetic exchange rates (Cole et al., 1983).
1.3 Background and aims of the project
This PhD research builds on previous field, petrographic, and fluid inclusion work from
economically important porphyry copper deposits (Landtwing et al., 2005; Stefanova et al.,
2014). It is further motivated by recent numerical simulations, which show the importance of
the dynamic interplay between rock permeability, hydrothermal fluid flow and concomitant
heat transfer that jointly lead to economic porphyry copper ore formation (Weis et al., 2012;
Weis, 2015). The combination of geological observations and numerical modeling has shown
that high-grade copper ore shells form at a pressure-temperature front localized by the interface
between a magmatic fluid-dominated and a meteoric water-dominated regime.
The purpose of this doctoral study is to identify the role of meteoric water incursion
into the ascending hot magmatic fluid during copper precipitation, notably the extent of thermal
interaction and mixing of fluids of different origin. Furthermore, this work aims to provide
essential insights from numerical simulations into the isotope evolution of hydrothermal fluid
and quartz in transiently evolving porphyry copper systems. It demonstrates that numerical
simulation is a powerful tool to interpret oxygen isotope measurements of natural samples from
complex hydrothermal systems.
1.4 Applied techniques
To achieve these goals, high-resolution, in-situ oxygen isotope measurements
(secondary ion mass spectrometry (SIMS) analyses) were conducted in conjunction with
numerical simulations that couple oxygen isotope evolution with non-isothermal hydrothermal
fluid flow. To understand the mine-scale geology and vein relationships, I also visited to
Elatiste (Bulgaria) and Bingham Canyon (USA) porphyry copper deposits.
1.4.1 In-situ, high-resolution oxygen isotope measurements
In-situ SIMS analyses aimed to reveal isotopic compositions of successively formed
hydrothermal quartz vein generations and define the isotopic composition of fluids before, at,
and after the time of ore precipitation.
Oxygen isotopic compositions were measured on small chips of thin sections of
hydrothermal quartz crystals, which were previously used for fluid inclusion studies and
provided precipitation temperatures of hydrothermal quartz (Audétat et al., 1998; Landtwing
et al., 2005; Stefanova et al., 2014). To avoid re-polishing and a potential loss of these valuable
samples, a special mounting technique was developed and applied by pressing these chips
together with the pre-polished standard materials into indium. The numerous attempts made,
using additional pre-polished chips, to achieve a perfectly flat surface for the high-resolution
SIMS measurements were among the very first steps in the establishment of the new indium
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mounting technique in the SwissSIMS laboratory of the University of Lausanne (Switzerland).
Measured isotopic composition of quartz provided a spatially accurate resolution of the isotopic
character of pre-, syn-, and post-ore quartz generations. However, the uniform isotopic
composition of quartz, and the only slightly different fluid compositions before and during
copper precipitation from both of the porphyry copper deposits studied required further
explanation of the isotope evolution of fluid and quartz in these magmatic-hydrothermal
systems.
1.4.2 Numerical simulations
Numerical simulations were performed with the aim of understanding the basic
behavior of isotope exchange fronts in fluid infiltration systems exhibiting strong temperature
gradients, and to apply these basic results to fluid flow in porphyry ore systems, notably the
interaction of magmatic and meteoric fluids near the metal-precipitating fluid interface.
Simulations of magmatic-hydrothermal systems require a multi-process numerical model that
is able to treat fluid properties of salt solution from ambient to magmatic temperatures,
lithostatic pressure in the upper crust, strong P-T-X gradients including salt - water fluid phase
separation, and large source terms. The Complex System Modeling Platform (CSMP++)
numerical simulation scheme has been developed to combine these capabilities (Geiger et al.,
2006a; Geiger et al., 2006b; Coumou et al., 2009b) and uses an accurate equation of state for
the NaCl-H2O system formed by Driesner and Heinrich (2007) and Driesner (2007). The
newest version of CSMP++ for modeling thermohaline convection, developed by Weis et al.
(2014), is able to simulate heat and mass advection and heat conduction in a continuum porous
medium. Incorporating published empirical relationships between rock mechanics,
temperature, and permeability values in the upper crust (Hayba and Ingebritsen, 1997;
Fournier, 1999; Zoback et al., 2002; Cox, 2010; Ingebritsen and Manning, 2010), a model of
the physical hydrology of porphyry copper deposit formation was built (Weis, 2015).
As a major part of this PhD work, two additional functionalities were inserted into the
existing simulation scheme. First, the calculation of quartz precipitation/dissolution during
hydrothermal activity, in order to show their relationship with the time of ore precipitation.
Second, equations describing temperature-dependent oxygen isotope fractionation and kinetic
rates were added to the computation scheme, defined based on published experimental data
and previous analytical models. Applying the final code, the relationship between quartz
precipitation/dissolution and copper formation can effectively be modeled. The transient
evolution of oxygen isotopic composition of fluid and quartz during these processes can be
captured, and therefore compared with oxygen isotope signals of natural samples.
1.5 Thesis outline
Following this introduction (Chapter 1) that summarizes the main characteristics of
porphyry copper ore formation and oxygen isotope studies and identifies the overall aims of

8

CHAPTER 1

this study, the following four chapters describe the results of the PhD project, with three of
them being organized as stand-alone papers and manuscripts.
Chapter 2 presents an oxygen isotope study by ion microprobe, which shows and
compares meteoric water incursion during magmatic-hydrothermal ore formation in the tinmineralized Yankee Lode deposit, Australia, and in two porphyry copper deposits (Elatsite,
Bulgaria, and Bingham Canyon, Utah, USA). The isotope data confirm meteoric and magmatic
fluid mixing during ore deposition in the Yankee Lode tin deposit and suggest a similar
mechanism in the Elatsite porphyry copper deposit. However, uniform δ18 O values of
hydrothermal quartz around the time of ore formation in the porphyry copper deposits leaves
the actual role of meteoric water in the hydrothermal ore formation obscure and dependent on
assumptions regarding the extent and kinetics of fluid – mineral equilibration. This work has
been published in Earth and Planetary Science Letters.
In Chapter 3, a set of non-isothermal, one-dimensional simulations of oxygen isotope
fractionation between fluid and quartz is presented. First, the functions that account for
equilibrium and kinetic isotope fractionation are benchmarked with well-recognized isothermal
simulation results (Bowman et al., 1994). Then, the principal effect of thermal and advection
fronts on isotope-fractionation is presented in pure water, both single- and two-phase
simulations. In addition, the final models include the implementation of the Manning (1994)
silica solubility calculation, and isotope fractionation is also applied between fluid and the
newly precipitated hydrothermal quartz. Chapter 3 is written as a manuscript and has been
submitted to Geochimica et Cosmochimica Acta. Possible changes done on the manuscript after
the first submission are not included in the doctoral thesis.
Chapter 4 provides additional information on non-isothermal isotope transport by
single-phase liquid in a two-dimensional simulation domain. It shows how the isotopic
compositions of fluid and rock are altered at the thermal front and how thermal and isotopic
fronts are located, applying more realistic two-dimensional geometries. Additionally, it
provides isotope evolution features under steady state thermal conditions. Most of all, it creates
a bridge between the simple one-dimensional simulations (Chapter 3) and the following, more
complex geometry investigated in Chapter 5.
Chapter 5 presents results of oxygen isotope fractionation and quartz
precipitation/dissolution mechanisms in porphyry copper systems, applying the new twodimensional model of porphyry copper formation computed by Weis (2015). Using the
accurate quartz solubility calculations of Akinfiev and Diamond (2009), it presents simulation
results of hydrothermal vein formation (cumulative quartz addition) and vein density
relationships in porphyry copper systems. Furthermore, it provides potential solutions for the
open question remaining from Chapter 2 concerning the uniform isotopic composition of
hydrothermal quartz. Chapter 5 is written as a manuscript for submission to Earth and
Planetary Science Letters. The manuscript is under revision at the time of the submission of
the doctoral thesis. The readers must be aware of potential differences between the future
publication and Chapter 5.
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Finally, Chapter 6 presents concluding remarks on this project and an outlook on
further analytical and numerical studies related to magmatic-hydrothermal ore formation.
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Contrasting hydrological processes of meteoric water
incursion during magmatic-hydrothermal ore deposition: an
oxygen isotope study by ion microprobe
Published as Fekete, S., Weis, P., Driesner, T., Bouvier, A.-S., Baumgartner, L., Heinrich, C.A.,
2016. Contrasting hydrological processes of meteoric water incursion during magmatic–
hydrothermal ore deposition: An oxygen isotope study by ion microprobe. Earth and Planetary
Science Letters 451, 263-271.

2.1 Abstract
Meteoric water convection has long been recognized as an efficient means to cool magmatic
intrusions in the Earth’s upper crust. This interplay between magmatic and hydrothermal
activity thus exerts a primary control on the structure and evolution of volcanic, geothermal
and ore-forming systems. Incursion of meteoric water into magmatic-hydrothermal systems
has been linked to tin ore deposition in granitic plutons. In contrast, evidence from porphyry
copper ore deposits suggests that crystallizing subvolcanic magma bodies are only affected by
meteoric water incursion in peripheral zones and during late post-ore stages. We apply highresolution secondary ion mass spectrometry (SIMS) to analyze oxygen isotope ratios of
individual growth zones in vein quartz crystals, imaged by cathodo-luminescence microscopy
(SEM-CL). Existing microthermometric information from fluid inclusions enables calculation
of the oxygen isotope composition of the fluid from which the quartz precipitated, constraining
the relative timing of meteoric water input into these two different settings. Our results confirm
that incursion of meteoric water directly contributes to cooling of shallow granitic plutons and
plays a key role in concurrent tin mineralization. By contrast, data from two porphyry copper
deposits suggest that downward circulating meteoric water is counteracted by up-flowing hot
magmatic fluids. Our data show that porphyry copper ore deposition occurs close to a magmatic
– meteoric water interface, rather than in a purely magmatic fluid plume, confirming recent
hydrological modeling. On a larger scale, the expulsion of magmatic fluids against the meteoric
water interface can shield plutons from rapid convective cooling, which may aid the build-up
of large magma chambers required for porphyry copper ore formation.
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2.2 Introduction
The depth ranges and timescales of the intrusion of magmatic bodies into the Earth’s crust
prohibit direct monitoring and quantification. Geological studies of extinct and exposed fossil
intrusions indicate that differences in pluton assembly (Annen et al., 2015) magma injection
rates and volumes (Caricchi et al., 2014) and duration of magmatic activity (Michel et al., 2008;
von Quadt et al., 2011; Bachmann et al., 2012) can result in different magmatic and associated
hydrothermal systems, such as the formation of upper crustal plutons or large volcanic
eruptions (Caricchi et al., 2014). The formation of giant magmatic-hydrothermal ore deposits,
including porphyry copper deposits, requires large magma reservoirs (Dilles, 1987; Cline and
Bodnar, 1991; Steinberger et al., 2013), but it remains unclear whether pluton-sized volumes
of magma are emplaced rapidly (Dilles, 1987; Glazner et al., 2004), or whether plutons are
amalgamated from several smaller magma bodies that intruded episodically into the crust
(Halter et al., 2005; Michel et al., 2008). Rate and mode of magma injection determine how
long a pluton takes to crystallize, together with the rate of heat loss from the magma reservoir.
In the permeable upper crust, meteoric water convection contributes significantly to pluton
cooling (Cathles, 1977; Hayba and Ingebritsen, 1997; Gerdes et al., 1998) and is therefore
expected to influence the lifetime, physical make-up and petrological evolution of uppercrustal magma reservoirs (Spera and Bohrson, 2001; Miller et al., 2007; Schaltegger et al.,
2009). The role of meteoric water in hydrothermal ore formation has been variably interpreted
as a main agent for metal transport and ore deposition (Sheppard et al., 1971; Taylor, 1971;
Taylor, 1974; Cathles, 1977), as a diluent for metal-rich magmatic saline liquids triggering
chemical precipitation of ore minerals (Eastoe, 1978; Dilles, 1987; Sun and Eadington, 1987),
or as a dominantly physical agent for cooling magmatic ore fluids (Sillitoe, 1973; Henley and
McNabb, 1978; Burnham and Ohmoto, 1980; Hedenquist and Lowenstern, 1994).
Quartz veins in mineral deposits record the compositions of fluids during the thermal
history of a magmatic-hydrothermal system. At the Yankee Lode tin deposit (Mole Granite,
Australia; Audétat et al., 1998), fluid pressures determined from co-existing vapor and saline
liquid inclusions constrain the paleo-depth to 2.5 ±1 km and document a transition from an
early magmatic regime at lithostatic fluid pressure to a cooler hydrostatic environment. This
change led to incursion of meteoric water and cassiterite precipitation as the result of mixing
between the meteoric water and ascending hot, saline metal-bearing magmatic liquid, as
indicated by fluid inclusion LA-ICP MS trace element analyses (Audétat et al., 1998; Audétat
et al., 2008). Regional-scale oxygen isotope measurements of hydrothermal quartz from
deposits distributed around the Mole Granite, using conventional analyses, show an evolution
from early magmatic fluids in pegmatitic veins within the roof of the granite (δ18O = ~ 9‰),
through mixing with meteoric water in the tin stage, to purely meteoric waters (δ18O = ~ -15‰)
during the late stage base metal mineralization in distal veins hosted by sedimentary wall rocks
(Sun and Eadington, 1987).
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Porphyry Cu systems often form at similar depths to Sn deposits (~2-3 km) but their
roots are voluminous plutons located at depths of 5 km or more (Sillitoe, 2010). Due to the
complexity of copper ore deposition and superimposed and overprinting alteration events, the
mechanism of metal precipitation from the mineralizing fluids remains a matter of discussion
(Sheppard et al., 1971; Gustafson and Hunt, 1975; Eastoe, 1978; Hemley et al., 1992;
Hedenquist and Lowenstern, 1994; Redmond et al., 2004; Landtwing et al., 2005; Sillitoe,
2010; Heinrich and Candela, 2014; Blundy et al., 2015). The currently prevailing theory favors
precipitation of ore minerals from magmatic fluids expelled from cooling upper crustal magma
chambers (Richards, 2011). In this model, meteoric water incursion only affects peripheral and
post-ore alterations, whereas main-stage mineralization and associated potassic alteration is
thought to be dominated my magmatic fluids (Gustafson and Hunt, 1975; Bowman et al., 1987;
Sillitoe, 2010). Based on stable oxygen and hydrogen isotope analyses of alteration minerals
from porphyry copper deposits, meteoric water incursion affects sericitic, argillic and propylitic
alterations (Sheppard et al., 1971; Taylor, 1974; Bowman et al., 1987; Hedenquist and
Lowenstern, 1994; Taylor, 1997; Sillitoe, 2010). A significant meteoric water component in
the early quartz-K-feldspar-biotite-chalcopyrite precipitating fluid has been inferred for the
Butte porphyry copper deposit and a few Tertiary deposits intruded into flat-lying, permeable
volcanic host rocks (Sheppard et al., 1971; Sheppard and Taylor, 1974; Taylor, 1974). Also,
petrographic evidence from the Far Southeast porphyry copper deposit (Philippines) shows that
Cu sulfide mineralization can be associated with the transition from potassic to sericitic
alteration (Hedenquist et al., 1998). Oxygen and hydrogen isotope analyses of white mica and
biotite from the Far Southeast and the El Salvador (Chile) porphyry copper deposits indicate
admixing of 10-20 % of meteoric water to a dominantly magmatic-hydrothermal fluid
associated with copper precipitation (Watanabe and Hedenquist, 2001).
Fluid inclusion studies (Landtwing et al., 2010; Stefanova et al., 2014) following
textural mapping of quartz vein samples by Scanning Electron Microscopy Cathodoluminescence (SEM-CL) indicate that copper precipitated after deposition of most vein quartz
at temperatures of 450 – 350°C (Rusk and Reed, 2002; Redmond et al., 2004; Landtwing et al.,
2005). Such low temperatures cannot be attained by adiabatic cooling of magmatic fluids
exsolved from a magma chamber and require an external cooling agent (Henley and McNabb,
1978; Fournier, 1999). Numerical simulations suggest that cooling is controlled by heat loss of
a magmatic fluid plume to convecting meteoric water. Copper sulfides precipitate at this
interface, which is characterized by a sharp drop in fluid pressure and temperature (Weis et al.,
2012). The simulation results are in line with previous interpretations of the evolution from a
central potassic to the outer and partly later sericitic alteration zone, corresponding to the
transition from a lithostatically pressured magmatic fluid regime to a hydrostatically pressured
fluid mixture dominated by meteoric water (Gustafson and Hunt, 1975).
Microtextural and fluid inclusion studies at porphyry copper deposits show that sulfide
precipitation during the main ore-stage is commonly characterized by a lack of quartz
precipitation and quartz re-dissolution (Rusk and Reed, 2002; Redmond et al., 2004; Landtwing
et al., 2005; Stefanova et al., 2014). Retrograde quartz solubility occurs in a region of low
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pressure just above the critical temperature of pure water (Kennedy, 1950) whereas at higher
pressure or in single-phase fluids of higher salinity quartz solubility increases monotonously
with temperature (Fournier, 1983). An empirical fit of experimental quartz solubility in the
H2O – NaCl – SiO2 system over a wide range of density, salinity and pressure (Akinfiev and
Diamond, 2009) provides a basis for evaluating bulk quartz solubility in vapor and liquid
mixtures, to interpret micro-textural observation of quartz precipitation and dissolution. In the
present study, we map texturally-controlled variations of oxygen isotope compositions of
hydrothermal vein quartz using secondary ion mass spectrometry (SIMS), to interpret these
characteristic quartz textures and quantify the variations of meteoric and magmatic fluid
contribution during the evolution of magmatic-hydrothermal ore veins.

2.3 Methods
We obtained a total of 298 in-situ δ18O measurements of vein quartz from individual zones
identified on the basis of variations in CL intensity. The δ18O values of the associated fluid was
calculated using fluid inclusion temperatures. We used doubly polished sections of vein quartz
from previous studies (Audétat et al., 1998; Landtwing et al., 2005; Stefanova et al., 2014) in
which detailed and texturally controlled fluid inclusion data had been obtained that allow
reconstructing the precipitation temperature of individual quartz growth stages. Textural
control was ensured by SEM-CL imaging. High-resolution, in-situ δ18O analyses of individual
growth stages were then obtained by secondary ion microprobe.
Sample preparation of the polished chips required a special mounting technique by pressing
the chips into indium in the sample holder. In this way we could ensure a perfectly horizontal
mounting and avoid re-polishing, which might have compromised the precise correlation
between previously established microthermometric data of thin, individual growth zones and
healed fractures and the oxygen isotope spot analysis targeting these zones.
18 16
O/ O ratios were measured using the SwissSIMS Cameca IMS 1280HR at the
Institute of Earth Sciences of the University of Lausanne (Switzerland). We used a 10kV Cs+
primary ion beam, a ~2 nA current, resulting in a ~10 µm beam size. The electron flood gun
was used to compensate charges. 16O and 18O secondary ions were accelerated by 10kV and
analyzed at 3000 in FC multi-collection mode. Faraday cups are calibrated at the beginning of
the session. Mass calibration was performed at the beginning of each session and every 12h.
Each analysis took less than 4 minutes, including pre-sputtering (30 sec) and automated
centering of secondary electrons. The internal uncertainty of each analysis was better than
0.3‰ (2SD). A grain of UNIL-Q1 standard was inserted in each mount to correct for mountspecific mass fractionation variations. A set of 4 UNIL-Q1 analyses were used to bracket every
15-20 analyses to monitor instrument stability. The measurements were conducted in 3
different sessions, with one session lasting up to 48h, over a period of 7 months. The variation
of the UNIL-Q1 standard for all sessions is less than 0.4‰ (2SD). The uncertainties reported
for samples reflected the 2SD of the bracketing UNIL-Q1 analysis for each analysis block.
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Panchromatic Cathodo-luminescence (CL) images were acquired using a scanning
electron microscope (SEM, EOscan VEGA XL by Tescan, Czech Republic) equipped with a
motor-driven elliptical mirror focusing the CL signal onto a standard photomultiplier detector.
The SEM was operated at accelerating voltage of 20kV and beam current of 5nA.
For the calculation of δ18O values of the fluid, we re-fit experimental data for quartz –
water fractionation for supercritical fluids and aqueous liquids between 800°C and ~100°C (for
details of the re-fitting procedure see details in the Supplementary material, Fig. 2.S1) to obtain
a consistent
expression for the wide temperature range of interest:
1000
ln α Quartz −Water 3.3308 (106 T 2 ) − 2.7734 .
=

In magmatic-hydrothermal systems, fluid phase separation has the potential to influence
isotope fractionation between vapor and liquid phases. Shmulovich et al. (1999) reported
experiments indicating that H2O vapor is as much as 2‰ lower in δ18O compared with the
coexisting saline liquid under halite-saturated conditions between 350°C and 600°C. Data by
Driesner and Seward (2000) indicate that this fractionation is less than 1‰ for liquid salinities
around 20 wt. % NaCl. Based on these experimental results, we can assume that our equation
adequately represents the fractionation between quartz and the bulk hydrothermal fluid,
irrespective of the proportion of saline liquid and vapor in the two-phase region, but note that
the vapor-dominated fluids could be slightly lower in δ18O than calculated with this equation.

2.4 Samples
The Yankee Lode Sn deposit is located at the southwestern margin of the Early Triassic
Mole Granite, a large intrusion that generated a polymetallic ore province in Eastern Australia.
We investigated the sample Yank 21 from Audétat et al. (1998), in which quartz crystallized
into open space together with cassiterite and tourmaline. CL-petrography (Fig. 2.1 A and 2.1
B) shows four main growth zones (Q1-Q4) with finer zonation throughout the entire section.
Cassiterite precipitation took place in the Q2 and Q3 stages accompanied by ilmenite and
tourmaline precipitation forming inclusions in the respective growth zones. Chlorite and
muscovite occur in the outermost zone (Q4). Homogenization temperatures represent true
crystallization temperatures (Audétat, 1999) and range from ca. 500 °C in Q1 just prior to
cassiterite precipitation to less than 290 °C for post-ore Q4 (Fig. 2.2 A, Table 2.1). A late
generation of quartz (Q5) with high luminescence appears in late fractures crosscutting the
zoned crystal (Fig. 2.1 A). Crystallization temperatures are not available from this late quartz
precipitation event due to the lack of measurable fluid inclusions.
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Fig. 2.1: Temporal evolution of quartz precipitation showing in-situ δ18O microanalyses from three magmatichydrothermal ore deposits. (A) and (B) are sections from a euhedral quartz crystal from the Yankee Lode Sn vein
deposit, insert shows the full euhedral crystal, indicating the location of the sections (Audétat et al., 1998). (C)
Euhedral quartz crystal from the Elatsite Cu-Mo-Au porphyry deposit (Stefanova et al., 2014, insert shows the
association of Q2c with copper precipitation). (D) Vein quartz from the Bingham Canyon Cu-Mo-Au porphyry
deposit (Landtwing et al., 2005). Q1-5: quartz generations, Cst: cassiterite, Tur: tourmaline, Cpy: chalcopyrite;
solid white and yellow lines: boundary of different quartz generations; blue tint highlighted by image processing:
Q2 quartz.

The Late Cretaceous Elatsite porphyry Cu-Au deposit is part of the Apuseni-BanatTimok-Srednogorie magmatic and metallogenic belt in Southeastern Europe. We used the
original sample 1150NE12 analyzed by Stefanova et al. (2014), which shows three main
growth stages with several substages (Q1 – Q3, Fig. 2.1 C). Sulfide mineralization postdates
most quartz precipitation, indicated by Q2c quartz-chalcopyrite veins which cut the Q1, Q2a,
and Q2b stages. Q3 is the latest quartz generation which precipitated as a thin rim on Q2b
quartz after partial re-dissolution of the latter. Precipitation temperatures range between ≥640
°C for Q1 and 460 °C for Q2c, followed by a gap in quartz precipitation until cooling to a
temperature of about 150 °C (Fig. 2.2 B. Table 2.1).
At the Late Eocene Bingham Canyon Cu-Au-Mo porphyry deposit in Utah (USA), the
strongest mineralization is related to the earliest of five porphyry intrusions. A high density of
quartz stockwork veins and intense potassic alteration characterize the mineralized zone
(Redmond et al., 2004). We used a section of the sample D211-19 analyzed by (Landtwing et
al., 2005), which shows early (Q1) and late (Q2) quartz generations, based on textural
relationships (Fig. 2.1 D). Fracturing and re-dissolution of Q1 allowed Q2 precipitation along
grain boundaries and in open cracks. Based on different textural features (overgrowth vs. crack
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fillings) and luminescence light intensities, both generations can be subdivided into two
subgroups (a and b). Textural observations and fluid inclusion analyses suggest that copper
precipitation took place after Q1 and before or during Q2 crystallization (Landtwing et al.,
2010). Crystallization temperatures range from about 505 °C for Q1 to 318 °C for Q2 (Fig. 2.2
C, Table 2.1).
Table 2.1. Temperature and oxygen isotope composition ranges of quartz generations
Quartz Temperatures (°C)
δ18O quartz (‰) δ18O fluid (‰)
Q1
500
12.9 - 10.9
8.1 - 10.1
Q2
500 - 455
12.6 - 11.4
9.8 - 7.9
1
Yankee Lode
Q3a
455 - 413
8.8 - 6.1
8.8 - 6.1
Q3b
413 - 365
5-8 - -5.8
5.8 - -5.8
Q4
365 - 220
-5.5 - -15.4
-5.5 - -15.4
Q5
12.8 – 10.6
Q1a
640
9.3 - 8.7
8.1 - 7.4
Q1b
640
8.8 - 8.1
7.5 - 6.9
Q2a
600
9.5 - 8.7
7.9 - 7.1
Elatsite 2
Q2b
600
9.2 - 8.2
7.6 - 6.6
Q2c
460+5
9.7 - 9.2
5.7 -6.3
Q3
145+2
20.0 - 15.4
3.7 - -1.2
Q1a
585 - 425
10.5 - 9.1
8.7 - 5.0
Q1b
585 - 425
10.6 - 8.7
8.8 - 4.6
Bingham Canyon3
Q2a
380 - 255
10.5 - 9.1
5.4 - -0.1
Q2b
380 - 255
10.6 - 8.7
5.7 - 0.7
Temperature values taken from:
1
Audétat et al. (1998), 2Stefanova et al. (2014), 3Landtwing et al. (2005)
Deposit

2.5 Results
Results from the Yankee Lode sample range from δ18O = −4.6 ‰ to 12.9 ‰ (Fig. 2.1 A,
2.1 B and 2.2 A, Table 2.1), showing near constant values for Q1 and Q2, followed by a
continuous, gradual decrease from the cassiterite-bearing zone (Q2 and Q3a) to the outermost
rim of the crystal (Q4). The light luminescent quartz (Q5), which is overgrown on Q3 and Q4,
shows heavy values similar to the core of the crystal (Fig. 2.1 A, Table 2.1). Calculated δ18O
values of the fluids show an overall decrease from initial magmatic values of about 10 ‰ in
Q1 and Q2 to values of ~ −15 ‰ in Q4 (Fig. 2.2 A), consistent with the values from Sun and
Eadington (1987) obtained by conventional oxygen isotope analysis. The decrease commences
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in stages Q3a and is most pronounced in Q3b (tourmaline appearance) and Q4. Light
luminescence Q5 quartz postdates cassiterite deposition but the isotopic composition of the
fluid precipitating this quartz generation cannot be calculated because it does not contain any
measurable fluid inclusions.

Fig: 2.2: Evolution of oxygen isotope compositions of quartz and hydrothermal fluids sorted by successive quartz
generations. Fluid compositions (blue) are calculated for temperatures from published fluid inclusion data
(Audétat et al., 1998; Landtwing et al., 2010; Stefanova et al., 2014). Results from Yankee Lode (A), Elatsite (B)
and Bingham Canyon (C) suggest incursion of meteoric water during ore precipitation. The δ18O scales of each
deposit are normalized to the respective local magmatic signatures (red line) and meteoric water compositions
(purple line) from independent sources (Sun and Eadington, 1987; Abruzzese et al., 2005; Lerouge et al., 2006).
Q1-4: quartz generations, Cst: cassiterite, Ilm: Ilmenit, Tur: tourmaline, Chl: chlorite, Ms: muscovite, Cpy:
chalcopyrite.

Results from the euhedral quartz sample from Elatsite (Fig. 2.1 C and 2.2 B, Table 2.1)
are relatively homogenous (8.2 ‰ − 9.7 ‰) in the Q1a to Q2c stages. Q2c quartz generally
shows higher values (9.2 ‰ − 9.7 ‰) than the earlier quartz, but the increase is insignificant
given the scatter of the measurements and the ± 0.3 ‰ analytical uncertainty. The outermost
zone (Q3) has heavier values (15.4 ‰ – 20.0 ‰). The δ18O values of fluids from the Elatsite
deposit (6.6 to 8.1‰) indicate minimal systematic variation in the pre-ore stages Q1 to Q2b
(Fig. 2.2 B). A small decrease (5.7 ‰ − 6.3 ‰) occurs during the formation of Q2c quartz that
immediately predates or is coeval with the first sulfide precipitation (Stefanova et al., 2014).
The latest, post-ore generation Q3 was precipitated together with zeolite minerals from an
isotopically light fluid with a δ18O value of −1.2 to 3.8 ‰. Independent estimates of
contemporaneous meteoric water give δ18O values of −3±2 ‰ (Lerouge et al., 2006).
Results of the Bingham Canyon sample (Fig. 2.1 D and 2.2 C, Table 2.1) show δ18O values
of about 9.8 ±1 ‰, which are essentially uniform within analytical uncertainty for both quartz
generations. Despite this uniform δ18O value of quartz, the isotopic composition of the quartz18
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precipitating fluids in the Bingham Canyon deposit vary between 4.6 ‰ − 8.8 ‰ and −0.1 ‰
–5.7 ‰ for Q1 and Q2, respectively (Fig. 2. 2 C), based on the variation in temperature from
fluid inclusion homogenization values. Precise determination of the δ18O value of the fluid is
difficult, due to the large scatter and partial overlap of possible precipitation temperatures
(Landtwing et al., 2005; Landtwing et al., 2010). On average, however, the results also point
toward a significant shift from initially magmatic-like values to lighter δ18O values during the
later quartz stage associated with Cu-Fe sulfides.

2.6 Discussion
2.6.1 Meteoric water incursion into magmatic-hydrothermal ore systems
The temporal variation in δ18O of the quartz and fluid recorded by the Yankee Lode tin
deposit (Fig. 2.2 A) links the compositional fluid history of mineral precipitation described by
Audétat et al. (1998) with regional evidence for isotopic and mineralogical zoning around the
giant Mole Granite intrusion (Sun and Eadington, 1987). Our data indicate that meteoric water
was progressively mixed with a magmatic saline liquid during ore deposition, thus validating
our approach to high-resolution fingerprinting of meteoric water incursion into a magmatichydrothermal system. Combining our results with published microchemical evidence from
fluid inclusions (Audétat et al., 1998) provides additional details for the dilution process, and
suggests that such dilution was most likely the chemical driving force for tin precipitation.
Cassiterite started to precipitate at the onset of Q2 deposition from an isotopically heavy fluid
with δ18O values around 8‰ – 10 ‰ (Fig. 2.2 A) which is typical for magmatic fluids (5.5 ‰
– 10 ‰; Taylor, 1977). By the end of stage Q3, fluid salinity had decreased from ~ 35 wt% to
1-3 wt%, indicating a 10-30-fold dilution of the magmatic saline liquid. However, the isotopic
signature of this fluid is only shifted by 20-60% toward the meteoric end-member value. A
strong salinity decrease with only a modest shift in fluid isotope composition toward meteoric
water may be explained in two possible ways. A first possibility is that the diluting fluid is of
entirely meteoric origin, but had previously been modified by isotope exchange with silicate
rocks at high temperature, which may be possible at the high temperature of 390°C indicated
by fluid inclusions in this evolution stage. An alternative is that the diluting fluid is a mixture
of meteoric water with low-salinity magmatic vapor that had previously condensed into this
low salinity liquid. This process has been proposed by Audétat et al. (2008) to explain the
chemical observation that the admixing low-salinity fluid is enriched in B, As and possibly
other elements that are preferentially transported by magmatic vapor.
Most tin deposition took place during deposition of Q3 quartz, followed by tourmaline,
and variable mixing of the two fluids is displayed by the fluctuation in the δ18O values (Fig.
2.2 A). Low and dominantly meteoric δ18O values calculated for fluids that precipitated the
outermost zone (Q4) are consistent with the low salinity and trace element content of fluid
inclusions associated with Q4 quartz (Audétat et al., 1998). The high δ18O values of the
crosscutting high luminescent Q5 quartz bands (Fig. 2.1 A) reflect late pulses of a fluid with
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an isotopically heavy value, possibly consistent with a magmatic fluid, but no fluid inclusions
can be related to this late quartz generation to test this possibility quantitatively.
The samples from the two porphyry deposits show a similar shift with time from
constant magmatic-like δ18O values of the pre-ore stage fluids to isotopically lighter fluid
compositions that commences around the time of ore mineral precipitation. At Elatsite, the
δ18O value of the fluid precipitating the youngest quartz (Q3; Fig. 2.2 B) approaches the Late
Cretaceous local meteoric water (Lerouge et al., 2006) composition. At Bingham, there is a
trend toward lighter δ18O values, consistent with admixture of a minor component of meteoric
water to the system (Fig. 2.2 C).
Pressure estimates of fluid inclusions from all three samples suggest a transition from
lithostatic to hydrostatic fluid pressures during the temporal evolution of the respective system
(Audétat et al., 1998; Landtwing et al., 2010; Stefanova et al., 2014), which allows the
incursion of meteoric water into the hydrothermal system. Overpressured fluids can sustain a
purely magmatic fluid plume and displace meteoric water convection, whereas hydrostatic
pressures are required for density-driven thermal convection through permeable rocks
(Fournier, 1999; Weis et al., 2012). Numerical simulations of high-enthalpy geothermal
systems show that up-flow zones above magma chambers are characterized by gradual mixing
of cooler fluids from the side. This leads to sharp reductions in the enthalpy of the magmatic
fluid upon advective ascent from the heat source (Scott et al., 2015), indicating that fluid mixing
is an integral process of hydrostatically pressured convection systems.
2.6.2 Contrasting fluid evolution paths
Both porphyry Cu samples record stages of quartz dissolution and gaps in quartz
precipitation and in the concomitant fluid inclusions record during the interval of ore mineral
precipitation, in contrast to the Sn-vein example. Combining our isotope data with
microthermometry and calculated quartz solubility values explains the different fluid evolution
paths. We calculated the quartz solubility (Akinfiev and Diamond, 2009) on curved sections
through the H2O-NaCl phase diagram (Driesner and Heinrich, 2007) that follow the
temperature-pressure path reconstructed from fluid inclusions at Yankee Lode and Elatsite,
respectively (Fig. 2.3 A and 2.3 B).
Continuous quartz precipitation without dissolution events at Yankee Lode is only
possible if meteoric water gradually mixes with a magmatic saline liquid (which may at the
beginning have coexisted with minor amounts of vapor phase; Fig. 2.3 A). Minor dissolution
may have occurred between 440 and 425°C, an interval where fluid inclusions were not
recorded. The meteoric water was heated during flow through the hornfelsed contact aureole,
as indicated by distal quartz – sphalerite – galena veins that formed from a solution consisting
of >90% meteoric water at ~280°C (Eadington, 1983; Sun and Eadington, 1987). The shallow
emplacement depth of a horizontal igneous intrusion in the upper crust (Kleeman et al., 1997)
favors direct interaction of magmatic heat and fluid with convecting meteoric water, resulting
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in fluid mixing and cassiterite precipitation in the upper part of the crystallizing granite (Fig.
2.4 A).

Fig. 2.3: Reconstructed fluid evolution paths in a temperature – salinity phase diagram contoured for
silica solubility. Red dots show temperature, pressure and salinity conditions from fluid inclusion data
used to construct the specific pressure - temperature sections through the NaCl-H2O phase diagram
(black lines; Driesner and Heinrich, 2007). Dashed contours (red) show bulk quartz solubility (Akinfiev
and Diamond, 2009) in vapor (V), liquid (L) and heterogeneous phase mixtures (VL). The pink area
shows conditions of retrograde quartz solubility (i.e.,, solubility increasing with decreasing
temperature). (A) Fluid mixing at Yankee Lode leads to continuous quartz precipitation. (B) Fluid
mixing at Elatsite leads to quartz dissolution in the cooling interval where Cu-Fe-sulfides are
precipitated.

In contrast, a low- to intermediate-salinity magmatic fluid plume interacting with
meteoric water is predicted to undergo a stage of quartz dissolution after initial quartz
deposition in veins, as observed in many porphyry copper deposits. At Elatsite (Fig. 2.3 B), a
magmatic-hydrothermal fluid maintaining an initial bulk salinity of 6-9wt% (Stefanova et al.,
2014) precipitates quartz during cooling from magmatic temperatures to a temperature of
430°C. On further cooling, dissolution begins, as observed in the sample 1150NE12 (Stefanova
et al., 2014), even if bulk salinity increases due to phase separation. If the system exclusively
contained a magmatic two-phase fluid and continued to cool, it would start to precipitate quartz
again below about 400 to 350°C, depending on bulk salinity (Landtwing et al., 2010). Yet, at
Elatsite, the fluid inclusion data indicate an interval of non-precipitation from 460 °C to 150°C,
which is best explained by a change in the hydrothermal flow regime as suggested by numerical
simulations (Weis et al., 2012). A given location in the ore zone first experiences upward flow
of hot, purely magmatic fluids. During the following gradual downward propagation of
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meteoric water convection (Fig. 2.3 B), a packet of meteoric water will experience a
temperature increase while flowing downward and toward the magmatic fluid-meteoric water
interface, making it dissolve quartz at the given sample site. The Elatsite sample was taken in
the outer parts of the ore zone, where this process is indeed predicted to occur: in Figure 2.4 B,
the green circle (estimated sample location) is located at the side of the near-lithostatically
pressured magmatic fluid plume at a pre-ore stage (dashed line) and is later located within the
upflow zone of near-hydrostatically pressured meteoric water convection along the flanks of
the magmatic fluid plume in in the post-ore stage (dotted line). While the boundary between
the meteoric and the magmatic flow regime gradually moves downward (from dashed to the
dotted line in Fig. 2.4 B), the magmatic intrusion remains insulated from the convecting
meteoric water by magmatic fluid expulsion over most of the lifetime of the hydrothermal
system.
Fluid inclusion, microtextural and stable isotope data at Bingham Canyon were
obtained on granular vein quartz, where no open space remained, which may explain the lack
of late-stage quartz with pure meteoric values. Reconstructing the quartz solubility evolution
at Bingham Canyon is be complicated by likely salt precipitation on the three-phase vaporliquid-halite surface in the center of the magmatic fluid plume where our sample was taken
(Landtwing et al., 2010; Lecumberri-Sanchez et al., 2015). The calculated stable isotope
evolution of the fluids appears to follow the same trend as in Elatsite, although the near constant
δ18O of the quartz itself could alternatively be interpreted as local re-equilibration of residual
magmatic fluids with previously precipitated high-temperature quartz (Fig. 2.2 C).
2.6.3 Contrasting cooling mechanisms of hydrous magma chambers
The results presented here may be relevant for the on-going debate on magma chamber
formation (e.g. Dilles, 1987; Halter et al., 2005; Michel et al., 2008; Annen et al., 2015). Plutons
can experience contrasting cooling histories depending on differences in the physical
hydrology of magmatic-meteoric fluid interactions, which in turn may relate to different shapes
and emplacement depths of the intruded magmatic bodies. A flat-topped, horizontal intrusion
at shallow crustal levels enables direct interaction of meteoric water convection and magmatic
processes (Fig. 2.4 A). In contrast, hot magmatic fluid plumes displace meteoric water and
thereby insulate the upper side of deeper crystallizing plutons from cooling by meteoric
convection (Fig.2.4 B). This shielding allows replenishment of magma chambers by
subsequent injections before complete solidification of earlier magma batches, and may favor
the build-up of voluminous bodies required for the formation of large porphyry copper deposits
(Dilles, 1987; Sillitoe, 2010; Steinberger et al., 2013).
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Fig. 2.4: Contrasting cooling mechanisms of magmatic-hydrothermal systems. (A) Convection of meteoric fluid
directly cools a shallow, crystallizing intrusion (grey area) from above. Sn mineralization (brown area) is located
in the roof of the flat magmatic body at the interface between overpressured magmatic fluid expulsion (red arrows)
and meteoric water convecting in the hydrostatic regime (blue arrows). The black lines illustrate the retreat of this
interface from pre-ore (dashed) to post-ore (dotted) stages. (B) Magmatic fluids released from a deep-seated
magma chamber develop a magmatic fluid plume reaching to shallower depths. Cu mineralization is located at
the interface of this plume and meteoric convection. Magma chamber geometries, sample locations (green circles)
and fluid flow vectors are simplified from geological and geophysical observations (Kleeman et al., 1997; Sillitoe,
2010) and results of numerical simulations (Weis et al., 2012).

2.7 Conclusions and outlook
We investigated the variation of oxygen isotope ratios in hydrothermal quartz in three
magmatic-hydrothermal ore deposits from different geological settings. In combination with
detailed petrographical observations and microchemical fluid inclusion analyses, the results
demonstrate the extent of interaction of meteoric water with magmatic fluids during ore deposit
formation. Moreover, such data may provide valuable constraints on the structure and temporal
evolution of cooling magma chambers in the upper crust and their associated magmatichydrothermal systems.
The different behavior of the Elatsite and Bingham Canyon porphyry copper deposits and
the tin mineralized Yankee Lode veins can be best explained by differences in the physical
hydrology at their magmatic – meteoric interface. At Yankee Lode, gradual mixing of meteoric
water into a saline liquid-dominated magmatic fluid reservoir straddling the flat top of a large
shallow intrusion is consistently indicated by the new δ18O data, computed quartz solubility
and published fluid-chemical data for tin precipitation. In porphyry copper deposits, sulfide
precipitation is controlled by the interface between a near-lithostatically pressured upflow zone
of a magmatic two-phase fluid mixture and convection of meteoric water under nearhydrostatic fluid pressures (Hedenquist et al., 1998; Fournier, 1999; Weis et al., 2012).
Progressive incursion of meteoric water that caused the large-scale cooling of the hydrothermal
system into individual veins is indicated by spatially-resolved δ18O variations in the fluid, as
recorded by successive generations of quartz analyzed by high-resolution ion probe
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microanalysis. Thermodynamic modeling of quartz solubility for fluid evolution paths
reconstructed from fluid inclusion data and microtextural studies provide an explanation for
the absence of quartz precipitation during copper sulfide precipitation, reported from many
porphyry copper deposits.
Individual fluid pathways and magmatic-meteoric water interaction are expected to
depend on the location within the hydrothermal system. Therefore, sampling across the metalzoned deposits to evaluate spatial variations of the δ18O evolution may provide valuable
constraints on the large-scale fluid system. Furthermore, hydrogen isotopes (e.g., in coeval
mica minerals) could provide an even more robust tracer for meteoric water, and numerical
simulations may further quantify the dynamics of meteoric water incursion into magmatichydrothermal systems.
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2.9 Appendix A. Supplementary material: Quartz – water fractionation for supercritical
fluids and aqueous liquids
This supplementary material provides details of the re-fitting procedure of experimental
data for quartz-water oxygen isotope fractionation.
For the calculation of δ18O values of the fluid, we re-fit experimental data for quartz – water
fractionation for supercritical fluids and aqueous liquids between 800 °C and 200°C (Clayton
et al., 1972; Bottinga and Javoy, 1973; Matsuhisa et al., 1979; Matthews et al., 1983) together
with data from Kita et al. (1985) for lower-temperature aqueous liquid. In our re-fitting
procedure, we also included the results of experiments in the salinity range of natural geologic
fluids (from 0 up to 40 wt. %) between temperatures of 250 °C and 550°C, which Zhang et al.
(1989) showed to be essentially independent of salinity and salt type (Fig. 2.S1).

 106 
− 2.7734 describing the exchange
2 
T 

Fig. 2.S1: Fractionation factor 1000 ln
=
α Quartz −Water 3.3308 

equilibrium of 18O and 16O between quartz and liquid or supercritical water, which was fit (black line) to published
experimental data (symbols with published partial data fit in corresponding colors).
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Multiple stable isotope fronts during non-isothermal fluid
flow
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3.1 Abstract
Stable isotope signatures of oxygen, hydrogen and other elements in minerals from
hydrothermal veins and metasomatized host rocks are widely used to investigate fluid sources
and paths. Previous theoretical studies mostly focused on analyzing stable isotope fronts
developing during single-phase, isothermal fluid flow. In this study, numerical simulations
were performed to assess how temperature changes, transport phenomena, kinetic vs.
equilibrium isotope exchange, and isotopic source signals determine mineral oxygen isotopic
compositions during fluid-rock interaction. The simulations focus on one-dimensional
scenarios, with non-isothermal single- and two-phase fluid flow, and include the effects of
quartz precipitation and dissolution.
If isotope exchange between fluid and mineral is fast, a previously unrecognized,
significant enrichment in heavy oxygen isotopes of fluids and minerals occurs at the thermal
front. The maximum enrichment depends on the initial isotopic composition of fluid and
mineral, the fluid-rock ratio and the maximum change in temperature, but is independent of the
isotopic composition of the incoming fluid. This thermally induced isotope front propagates
faster than the signal related to the initial isotopic composition of the incoming fluid, which
forms a trailing front behind the zone of transient heavy oxygen isotope enrichment.
Temperature-dependent kinetic rates of isotope exchange between fluid and rock have a strong
influence on the degree of enrichment at the thermal front. In systems where initial isotope
values of fluids and rocks are far from equilibrium and isotope fractionation is controlled by
kinetics, the temperature increase accelerates the approach of the fluid to equilibrium
conditions with the host rock. Consequently, the increase at the thermal front can be less
dominant and can even generate fluid values below the initial isotopic composition of the input
fluid. As kinetics limit the degree of isotope exchange, a third front may develop in kinetically
limited systems, which propagates with the advection speed of the incoming fluid and is,
therefore, travelling fastest. The results show that oxygen isotope signatures at thermal fronts
recorded in rocks and veins that experienced isotope exchange with fluids can easily be
misinterpreted, namely if bulk analytical techniques are applied. However, stable isotope
microanalysis on precipitated minerals may – if later isotope exchange is kinetically limited –
provide a valuable archive of the transient thermal and hydrological evolution of a system.
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3.2 Introduction
Oxygen (O) and hydrogen (H) are the major components of crustal fluids as well as
rock-forming and alteration minerals. Ratios of the stable isotope pairs 18O/16O and D/H are
widely used to investigate complex hydrothermal processes, and to reconstruct the sources and
evolution paths of fluids in many geological environments. These include contact
metamorphism, geothermal systems and hydrothermal ore deposits (Taylor, 1974; Taylor,
1979; Ohmoto, 1986; Valley, 1986; Bowman et al., 1987; Bowman, 1998). However, the bulk
mineral isotopic compositions altered by fluid-rock interaction represent the time-integrated
result of complex and overprinting effects due to the isotopic composition of the fluid source
and variations like temperature changes, kinetic vs. equilibrium isotope exchange, fluid phase
separation, and mineral precipitation or dissolution. Novel micro-analytical techniques such as
secondary ion mass spectrometry (SIMS) allow resolving the isotopic evolution of individual
crystals, thereby providing constraints on the temporal isotopic evolution during a
hydrothermal event (Tanner et al., 2013; Fekete et al., 2016; Rottier et al., 2016). This offers
the potential to deconvolute the complex message recorded in isotopic signatures, provided
that quantitative models for the contributions of individual effects are available. The present
study provides a first set of such quantitative models.
3.2.1 Oxygen and hydrogen isotope fluid source signals
Oxygen and hydrogen isotopes can be distinctive for characteristic fluid sources. δ18Ovalues of magmatic fluids are reported to be between +5.5‰ and +10‰ (e.g. Taylor, 1979).
The more likely δD values of magmatic water initially dissolved in felsic melt range between
-20‰ and -40‰ (Taylor, 1992; Hedenquist et al., 1998) and for andesitic volcanic activity
between -20 ± 10‰ (Giggenbach, 1992a). In contrast, waters of meteoric origin have δ18O and
δD compositions that plot along the Meteoric Water Line (MWL; Eq. 3.1.; Craig, 1961) with
oxygen isotope values ranging between 0‰ and -20‰:

δ D ≈ 8δ 18O + 10 (‰)

(3.1)

Due to its extremely uniform isotopic composition, ocean water is used as standard for oxygen
and hydrogen isotopes (0‰). Formation waters or basinal brines show a very wide range in
their oxygen and hydrogen isotopic compositions depending on their constituents such as
meteoric water or seawater and the latitude of the sedimentary basin. However, δ18O- and δDvalues within one sedimentary basin are isotopically distinct. Typical δ18O- and δD isotopic
compositions of metamorphic waters ranges between +5 - +25‰, and -20 - -65‰, respectively
(Taylor, 1997).
3.2.2 Processes affecting isotope fractionation in hydrothermal systems
Magmatic intrusions in the permeable upper crust are major heat sources that drive
hydrothermal circulation of fluids with different origins (meteoric, oceanic, basinal,
metamorphic), and may at the same time add magmatic fluids exsolved from crystalizing
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magma chambers (Cathles, 1977; Hedenquist and Lowenstern, 1994; Hayba and Ingebritsen,
1997; Ingebritsen et al., 2010). Such hydrothermal processes can involve large temperature
variations, which control the magnitude and kinetic rate of stable isotope fractionation. In
addition, phase separation into a low-density vapor and a high-density liquid phase may also
lead to modification of fluid isotopic compositions (Horita and Wesolowski, 1994; Horita et
al., 1995).
Oxygen and hydrogen isotope signatures of fluids from modern hot-springs such as
Broadlands and Wairakei, New Zealand, are dominated by meteoric water, and many extinct
geothermal systems that formed epithermal ore deposits also involved meteoric water, with
isotopic trends influenced by meteoric water variations due to their respective formation time
and location (Taylor, 1979, 1997). Hydrothermal fluids from other geothermal systems such as
Larderello (Italy), or Steamboat Springs (Colorado, USA) are characterized by a positive shift
in their oxygen isotopic composition (Craig, 1963) indicating that the convecting pore fluids
reacted with the hot country rocks and that they experienced isotope exchange during
hydrothermal fluid circulation. However, the positive shift in oxygen isotopic composition at
constant D content of hydrothermal fluid is rather an exceptional trend than common in
geothermal systems implying other important mechanisms besides the interaction between
hydrothermal fluids and host rock (Giggenbach, 1992a). In boiling hydrothermal fluids,
enrichments in the oxygen and hydrogen isotopic composition are attributed to isotope
fractionation, as observed in steam-heated acid sulfate waters from geothermal systems (Craig,
1963; Giggenbach, 1992a). Heterogeneous isotopic compositions of hydrothermal fluids from
the Krafla (Iceland) geothermal system may result from fluid-rock interaction, but could also
be influenced by mixing of waters from upper and lower aquifers or from the northern and
southern geothermal fields, fluid boiling, and the input of magmatic fluids (Pope et al., 2010).
The wide range of oxygen isotopic compositions from well-studied magmatic-hydrothermal
ore deposits is evidence for superimposed processes influencing the oxygen isotope content of
minerals and fluids. Mixing of fluids from multiple sources (Bowman et al., 1987; Dilles et al.,
1992; Taylor, 1997; Fekete et al., 2016), fluid phase separation (Hedenquist and Richards,
1998; Harris et al., 2005), and changes in temperature and fluid-rock ratio (Gregory and Taylor,
1981; Hoy, 1993; Paradis et al., 1993) during fluid circulation, and fluid-rock interaction lead
to δ18O (and δD) shifts in fluid and rock compositions and can hamper unambiguous
interpretations of fluid evolution.
3.2.3 Modeling isotope fractionation in hydrothermal processes
Such complex interactions of different isotope fractionation processes call for models
that can improve our understanding of natural observations. Early box models for mass balance
of oxygen isotopes emphasized the significance of fluid-rock ratio and were used to estimate
the amount of fluid involved in hydrothermal alteration (Taylor, 1971; Taylor, 1974). This
static view of fluid-rock ratio was later modified to time-integrated fluid-rock ratios, reflecting
that isotopic shifts in rocks are the result of processes rather than single-step equilibration.
Simulations that included the effect of rock properties such as porosity and permeability, and
29

Multiple stable isotope fronts during non-isothermal fluid flow

isotope exchange kinetics significantly advanced the understanding of behavior of stable
isotope tracers in natural systems (Criss et al., 1987; Baumgartner and Rumble, 1988; Blattner
and Lassey, 1989; Bickle and Baker, 1990a; Bickle and Baker, 1990b; Blattner and Lassey,
1990; Bowman et al., 1994; Gerdes et al., 1995; Abart and Sperb, 1997; Bowman, 1998;
Baumgartner and Valley, 2001). Simulations showed that injecting fluid into a porous rock
matrix with an isotopic composition that differs from that of the interstitial fluid creates sharp
concentration gradients and leads to fluid mixing. The fluid mixture reacts with the rock matrix
and an isotope exchange front develops between an upstream (isotopically water-dominated)
and a downstream (isotopically rock-dominated) segment of the flow column (e.g. Bowman et
al., 1994). The exchange front advances along the flow path and the composition of the system
evolves toward equilibrium between the local fluid mixture and the rock matrix. In the waterdominated region, the rock equilibrates with the original δ-value of the infiltrating fluid and in
the rock-dominated segment the fluid becomes equilibrated with the initial composition of the
rock.
Isotope exchange reactions can also be driven by chemical reactions between fluid and
minerals. Isotopes are rapidly exchanged between mineral and fluid phases during recrystallization of minerals (Cole et al., 2004; Labotka et al., 2004; Niedermeier et al., 2008;
DeAngelis et al., 2016). In this case the exchange rate is assumed to be controlled by the rate
of re-crystallization rather than by the isotope disequilibrium between the phases (Baumgartner
and Valley, 2001). The oxygen isotope value of the newly precipitated mineral phase can be
considered as being in full isotope equilibrium with the fluid involved in the re-crystallization
reaction (Blattner, 1975).
Although isotope fractionation is temperature dependent, the effect of temperature
change was not analyzed in these previous studies. Cathles (1993) and Hoy (1993) simulated
the transient evolution of the isotopic compositions of fluid and rock during the evolution of
hydrothermal systems, demonstrating that isotope signals of fluid and rock can evolve in a
significantly different way compared to isothermal or steady-state conditions. However, this
effect has only been noted as a transient phenomenon in those simulations, but its broader
relevance has not been analyzed in a quantitative generic way. Furthermore, quartz
precipitation and dissolution as a potential first-order control on the oxygen isotopic
composition of vein quartz has not been incorporated in previous studies. Understanding the
fundamental principles of the temporal and spatial evolution of isotope patterns is essential for
a complete interpretation of measured isotope signatures.
In this study, we use one-dimensional transient numerical models of heat and mass
transport with single- and two-phase fluid flow to simulate and understand the basics of the
spatial and temporal isotope evolution of non-isothermal fluid-rock interaction. We investigate
the transient isotope fractionation, applying either equilibrium or kinetic isotope exchange
between fluid and rock. Furthermore, we also investigate the equilibrium isotope fractionation
between hydrothermal fluid and newly formed quartz driven by SiO2 precipitation. Results of
equilibrium isotope exchange simulations show the development of a significant transient δ 18O
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enrichment at a progressing thermal front, which is unrelated to the isotope signature of the
infiltrating fluid. A simplified analytical model of equilibrium isotope exchange shows that the
maximum value of this transient δ 18O enrichment of the pore fluid at the thermal front can be
calculated from its initial δ 18O value and the degree of temperature increase. Although the
temperature effect is smaller if isotope exchange kinetics is applied, the isotopic compositions
of quartz and fluid are distinct from those which exchanged their isotopes under isothermal
fluid flow conditions.
3.3 Methods
We applied the Complex Systems Modelling Platform (CSMP++) to simulate multiphase fluid flow and heat transfer in one-dimensional geometries with a continuum porous
medium approach (Weis et al., 2014). Darcy velocities vi of fluid phase i were obtained
according to the two-phase formulation
v i =−k

k r ,i

µi

( ∇p − ρ i g )

(3.2)

with k as the bulk rock permeability, kr,i, μi, and ρi as the relative permeability, the dynamic
viscosity, and the density, respectively, of fluid phase i which can be liquid l or vapor v. p
denotes total fluid pressure and g is the gravitational acceleration vector. However, since the
present study is limited to one-dimensional horizontal fluid flow, the gravity term becomes
zero. A linear relative permeability model was applied with a liquid residual saturation of 0.3
and a vapor residual saturation of 0.0 (Hayba and Ingebritsen, 1997).
3.3.1 Mass and energy conservation
Conservation of fluid mass is given by
∂ (φ ( S l ρ l + S v ρ v ) )
∂t

= −∇ ⋅ ( v l ρl ) − ∇ ⋅ ( v v ρv ) + QH 2O

(3.3)

where ϕ refers to the porosity, Si to the volumetric saturation of phase i and 𝑄𝑄𝐻𝐻2 𝑂𝑂 is the source
term of fluid mass.
Conservation of SiO2 is introduced to the advection scheme of the simulation and can
be written as


ρ
∂  φ ( Sl ρl mlSiO2 + Sv ρv mvSiO2 ) + (1 − φ ) quartz

M SiO2

∂t



 = −∇ ⋅ v ρ m SiO2 − ∇ ⋅ v ρ m SiO2 + Q
( l l l ) ( v v v ) mSiO2

(3.4)

with miSiO2 as the molality of SiO2 in the fluid, liquid and vapor, and 𝑄𝑄𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆2 as the source term

of SiO2. For single-phase simulations we apply Sl = 1. As there is no comprehensive model for
the density dependence of water on SiO2 concentration, Eq. 3.4 treats SiO2 as a passive tracer
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and ρ refers to the density of pure water in the respective phase state. We model the host rock
as 100% SiO2 and use the density (ρquartz) and molar mass (𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆2 ) of quartz.
18

Conservation of oxygen isotopes can be written in terms of mole fractions X i

O

of

heavy oxygen (18O) in the respective phases and amount of substance per unit volume
(mol m-3) of oxygen (ni) in H2O, dissolved SiO2 and host-rock quartz as

(

∂ φ ( Sl X l18O (nlH 2O + nlSiO2 ) + Sv X v18O (nvH 2O + nvSiO2 ) + (1 − φ )nq X q O
18

∂t
H 2O
SiO2
18O
= −∇ ⋅ ( v l X l (nl + nl ) ) − ∇ ⋅ ( v v X v18O (nvH 2O + nvSiO2 ) ) + Q18O

)=

(3.5)

with Q18O as a source term for the heavy oxygen isotope (18O).
Energy conservation accounts for heat conduction through a rock of constant thermal
conductivity and for heat advection by the fluid. The energy equation for a two-phase fluid
flow can be written as
∂ ( (1 − φ ) ρ r hr + φ ( Sl ρl hl + Sv ρv hv ) )
∂t

= ∇ ⋅ ( K ∇T ) − ∇ ⋅ ( v l ρl hl ) − ∇ ⋅ ( v v ρv hv ) + Qe (3.6)

with subscript r denoting the rock, h the specific enthalpy, cp the heat capacity, K the thermal
conductivity, T the temperature and Qe a heat source term. Thermal equilibrium between fluid
and rock is ensured by an iterative procedure which varies temperature at constant pressure and
redistributes the total enthalpy between rock and fluid based on their thermodynamic properties
until they reach the same temperature (Weis et al., 2014).
3.3.2 Quartz precipitation and dissolution
The equilibrium SiO2 content of the fluid (both liquid and vapor) is calculated based on
the equation for pure water provided by Manning (1994) as

log mSiO2 = A(T ) + B(T ) ⋅ log ρ H 2O

(3.7)

where A(T) and B(T) are temperature-dependent polynomials, and 𝜌𝜌𝐻𝐻2 𝑂𝑂 is the density of the
liquid or vapor phase. In the two-phase region, quartz solubility is calculated both for the liquid
and vapor phases. The Manning (1994) model was experimentally calibrated with mostly
liquid-like fluid densities and we apply it also to vapor-like fluids (where available it compares
reasonably well with experimental data for vapor-like fluids, e.g., Kennedy (1950)). The quartz
solubility of the bulk fluid is determined by considering mass fractions of liquid and vapor.
The dissolved SiO2 content of the fluid is transported with both liquid and vapor according to
the solubility in the respective phase (Eq. 3.4), because at two-phase conditions vapor and
liquid can physically separate from each other.
Quartz precipitates if the SiO2 content of the fluid locally exceeds its solubility in the
bulk fluid at a given modelling time step, assuming that the dissolved SiO2 contents always
represent equilibrium concentrations of SiO2 in the fluid phases. In order to link to possible
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geologic scenarios, all precipitated quartz will be considered as part of a virtual hydrothermal
quartz vein, although in real systems it may also cement pores or form silicification zones.
Hereafter, the increment of precipitated quartz at each model step (i.e. growth zones of quartz
crystals) is referred to as ‘new quartz’ and the integral accumulation of new quartz precipitated
prior to the current step is referred to as ‘vein quartz’. If the fluids are undersaturated in SiO2,
quartz is dissolved from previously precipitated vein quartz and/or the host rock, depending on
the model set-up. If there is no SiO2 left to be dissolved from the previously precipitated vein
and/or host rock of a given volume of the mesh, the fluids locally become silica undersaturated,
and at two-phase conditions both phases are assumed to have the same degree of
undersaturation. In our simulations, we neglect the changes of porosity and permeability by
quartz precipitation and dissolution.
3.3.3 Isotope terminology and fundamental equations
Stable isotopic compositions are given as δ-values which are calculated based on the
absolute oxygen isotope abundance ratios of the measured sample ( Rsamp = 18Osamp / 16Osamp )
and the standard (SMOW) used for oxygen isotope systems ( Rsmow = 18Osmow / 16Osmow ) as
 Rsamp − Rsmow 

Rsmow



δ 18O = 1000 

(3.8)

For the advective transport in the fluid flow simulation (Eq. 3.5), mole fractions
(X
18

18O
i

) of fluid phase i are calculated from the delta values of the phases and the absolute

O/16O (mole) concentration ratio of the standard (Baertschi, 1976; O'Neil, 1986) as

X 18O

 δ 18O 
O
+ 1 Rsmow X tot

1000

= 
18
R δ O
1 + smow
+ Rsmow
1000

(3.9)

𝑂𝑂
where the absolute 18O/16O ratio in the standard is 2005.2 × 10-6 (Baertschi, 1976) and 𝑋𝑋𝑡𝑡𝑡𝑡𝑡𝑡
is
16
18
the fraction of the sum of the natural abundance of O and O which is slightly less than 1.0
because the natural abundance of 17O isotope is not considered and its concentration remains
𝑂𝑂
unchanged during the simulation (𝑋𝑋𝑡𝑡𝑡𝑡𝑡𝑡
= 0.99963161).
In each simulation, we represent the rock matrix by the properties of quartz because it
is the most common mineral in hydrothermal systems, and the temperature-dependent oxygen
isotope fractionation relationships between quartz and water have been studied extensively.
However, there are different calibrations for different temperature intervals (Clayton et al.,
1972; Bottinga and Javoy, 1973; Matsuhisa et al., 1979; Matthews et al., 1983; Kita et al., 1985;
Zhang et al., 1989). In order to obtain a consistent representation of the temperature-dependent
isotope fractionation between quartz and liquid water (1000lnαQuartz-Liquid) for the wide
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temperature range (~150 °C to 800 °C) of interest, we re-fitted data from experiments, natural
samples, and theoretical consideration (Fig. 3.1) (Fekete et al., 2016) to
 106 
1000 ln=
α Quartz − Liquid 3.3308  2  − 2.773
T 

(3.10)

Fig. 3.1: Oxygen isotope fractionation factors in the liquid-vapor-quartz system as a function of temperature.
Quartz-liquid fractionation describes the exchange between quartz and liquid or supercritical fluid. Liquid-vapor
and quartz-vapor fractionations are defined below the critical temperature of pure water. (A) Linear relationship
of isotope fractionation with 106/T2 in K-2. (B) Change of isotope fractionation with temperature in °C. QuartzLiquid fractionation curve from Fekete et al. (2016), Liquid-Vapor fractionation curve from Horita and
Wesolowski (1994), and Quartz-Vapor fractionation curve is calculated based on Eq. 3.12.

Oxygen isotope fractionation between liquid and vapor is defined only below the
critical temperature of pure water, meaning that at and above this temperature liquid- and
vapor-like fluids are assumed to be isotopically the same. We used the liquid-vapor
fractionation calibration of Horita and Wesolowski (1994); their formulations takes the critical
temperature as 374.1 °C while it is 373.976 °C in the equation of state for water used in the
simulations. We assume that this slight discrepancy did not lead to significant errors in the
results. A possible pressure/density effect on isotope fractionation (Horita et al., 2007) was
ignored as a quantitative calibration is currently lacking. Liquid and vapor phases are
considered to be in equilibrium over the entire simulation.
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Oxygen isotope fractionation between quartz and water vapor can be calculated from quartzliquid and liquid-vapor fractionations (Fig. 3.1):

1000
=
ln α Quartz −Vapour 1000 ln α Quartz − Liquid + 1000 ln α Liquid −Vapour

(3.11)

The fractionation factor (αAB) between two phases (A and B) can be written by definition as

α=
AB

RA δ 18OA + 1000
=
RB δ 18OB + 1000

(3.12)

where A and B denote either quartz and liquid, quartz and vapor, or liquid and vapor (O'Neil,
1986).
Conservation of mass in the quartz – liquid – vapor system can be expressed in terms
of δ-values

δ system = X qδ q + X lδ l + X vδ v

(3.13)

where Xi represents the mole fractions of oxygen hosted in the indicated phase, according to
Xi =

ni
nq + nl + nv

(3.14)

with subscripts q, l, v, referring to quartz, liquid and vapor, respectively. ni denotes the moles
of O m-3 in the indicated phase. nl and nv include oxygen of both dissolved SiO2 and H2O. For
a given set of initial values, the final oxygen isotopic compositions can be calculated as
nqδ 18Oqi + nlδ 18Oli + nvδ 18Ovi = nqδ 18Oqf + nlδ 18Ol f + nvδ 18Ovf

(3.15)

The superscripts i and f denote the final and initial values. If temperature-dependent
fractionations between liquid and quartz, and liquid and vapor are replaced in Eq. 3.12 to
express final delta values of quartz and vapor from the value of the liquid, all three phases are
in equilibrium with each other. The only unknown value is the final delta value of the liquid
and it can be calculated from Eq. 3.15. The isotopic composition of the instantaneously
precipitated new quartz is calculated by using a modification of Eq. 3.15:
nlδ 18Oli + nvδ 18Ovi = nqpδ 18Oqpf + nlδ 18Ol f + nvδ 18Ovf

(3.16)

with subscript qp referring to precipitated new quartz. The isotopic composition of vein quartz
is the average isotopic composition of accumulated new quartz and is calculated as
t

δ 18Oqv ,t =

∑n
i =1

qp ,i

δ 18Oqp ,i

t

∑n
i =1

(3.17)

qp ,i

with subscript qv referring to vein quartz and t denoting the current time step. If vein and/or
host rock quartz dissolves, nqp,i is negative and denotes the moles of O m-3 of dissolved vein
and/or host rock quartz in Eq. 3.17. For dissolution of vein quartz, δ18Oqp,i = δ18Oqv,t-1 and of
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host rock quartz, δ18Oqp,i = δ18Oq,t . If vein quartz equilibration with the fluid is applied in the
simulation, Eq. 3.17 defines the initial isotopic composition of the vein quartz in the current
time step (t).
If full isotope equilibrium is not assumed in the simulation, the partitioning of oxygen
isotopes between quartz and fluid can be modelled as a kinetically controlled surface-reaction
process (Criss et al., 1987; Criss, 1999) as
dRquartz
eq
= kr ( Rquartz
− Rquartz )
dt

(3.18)

where kr is the rate constant in s-1 and can be defined as (Bowman et al., 1994)
kr = r A

(3.19)

with r denoting the temperature-dependent oxygen isotope exchange rate in moles of O m-2 s-1
as determined experimentally by Cole et al. (1983),

−2.368(1000 / T ) − 4.406
log r =

(3.20)

and 𝐴𝐴̅ as the surface area per mole quartz in m2/mole. To estimate the surface area of quartz, a
spherical model is used (Cole et al., 1983). In Eq. 3.18,

𝑑𝑑𝑅𝑅𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞
𝑑𝑑𝑑𝑑

𝑒𝑒𝑒𝑒

is the rate of exchange, 𝑅𝑅𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

denotes the value the quartz would have if it were in isotopic equilibrium with the coexisting
liquid and vapor, and Rquartz is the isotopic ratio of the quartz. Mass conservation of the isotope
exchange is also taken into account by applying

X q dRquartz = − X f dR fluid

(3.21)

where Xi and Ri denote mole fractions of oxygen and 18O/16O ratios in the phase indicated.
3.3.4 Model Setup
In the one-dimensional simulations, we used a domain of 2 km length with a mesh
resolution of 10 m, following the benchmarks for hydrothermal fluid flow of Weis et al. (2014).
Rock properties are kept constant and uniform with a porosity of ϕ = 0.1, isotropic permeability
of k = 10-15 m2, a thermal conductivity of K = 2 W m-1 °C-1, a heat capacity of
cpr = 880 J kg-1 °C-1, and a rock density of ρ r = 2700 kg m-3. Temperature and pressure
conditions are fixed on both ends of the domain (Fig. 3.2).
We performed a series of one-dimensional numerical simulations of oxygen isotope
evolution under magmatic-hydrothermal conditions. The isotopic compositions of fluid and
18 dom
quartz within the domain are initialized as δ 18O dom
fluid = 0‰ and δ Oquartz = 6‰ respectively.

The infiltrating fluid has a magmatic signature with a value of δ 18O inf
fluid = 7.5‰ (except where
noted otherwise). We first studied the transient effect of changing temperature assuming
equilibrium isotope fractionation between the host rock (quartz) and a single-phase liquid
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flowing through the domain (Fig. 2, blue field). Then, we applied temperature-dependent
kinetic isotope exchange in the single-phase liquid – quartz system.

Fig. 3.1: Temperature-pressure boundary conditions of the single-phase (blue box) and two-phase (red box)
numerical simulations. The solid red line shows the position of the critical curve, and Cp is the critical point of
pure water.

To investigate the oxygen isotopic composition of hydrothermal quartz, we further introduced
quartz precipitation and dissolution. The oxygen isotopic composition of the newly precipitated
quartz is considered to be in full isotope equilibrium with the fluid. In the two-phase flow
simulations, we further investigated the effect of fluid phase separation on equilibrium and
kinetic isotope exchange, as well as quartz precipitation (Fig. 2, red field).
3.3.5 Code validation
To validate our numerical implementation of oxygen isotope exchange, we first
conducted isothermal benchmark simulations with model setups (fluid-rock ratio, temperature,
temperature-dependent oxygen isotope fractionation, initial oxygen isotopic compositions of
quartz and single-phase liquid water) from Bowman et al. (1994).
The temperature in the domain is T = 350°C and the fractionation factor is
α quartz − water = 1.0053. Initial compositions of quartz, pore water, and injected fluid are
pore
pore
δ 18Oquartz = 6.0‰ , δ 18Owater
= 0.0‰ , and δ 18Owater
= −10.0‰ . The mass ratio of oxygen in the

quartz to the oxygen in the water is about 2. These setups and the results of the analytical
oxygen isotope exchange simulations can be found in Figures 5-7 in Bowman et al. (1994) and
in Appendix A (Fig. 3.A1). Figure 3.3 shows our result of the isotope exchange front
propagation, applying different kinetic rates that we defined by choosing different grain sizes
(see Eq. 3.19 and 3.20) to represent the dimensionless Damköhler numbers (Lassey and
Blattner, 1988) used in the analytical simulations. The Damköhler number relates mass
exchange by fluid-rock reaction to mass transported by advection (Blattner and Lassey, 1989).
The benchmark simulations show that our numerical approach captures the relevant
isotope exchange mechanisms during fluid flow simulations. This is indicated by the good
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correlation with the positions of the exchange front in the respective time step compared to the
analytical solutions of Bowman et al. (1994), (Appendix A Fig. 3.A1). However, the shapes of
the isotope exchange front in our simulations are less disperse (by a factor of ca. 2), which is
explained by the fact that Bowman et al. (1994) included an artificial hydrodynamic dispersion
term to obtain geologically more realistic profiles. We did not include that term because it
would be difficult to separate this from the effect of numerical dispersion intrinsic to our
approach (if included, our profiles would likely have had a more dispersive front than Bowman
et al. (1994)). Additional minor differences in the shape of the curve may result from the
application of temperature- and pressure-dependent rather than constant fluid properties,
leading to variable fluid densities (626 – 693 kg m-3) and velocities ( 1.69 ×10−6 – 1.52 ×10−6 m
s-1 ) in our numerical scheme. Therefore, the two approaches naturally will not result in a
perfect match regarding the front shape.

Fig. 3.3: Numerical simulation results of the isotopic evolution of fluid (A, C, E) and quartz (B, D, F) as a function
of non-dimensional distance (Z) and time (τ) for benchmark comparisons. Kinetic isotope exchange rates applied
in the numerical simulations are translated to dimensionless Damköhler numbers (ND) of 10 (A, B), 1 (C, D), and
0.1 (E, F), which were used in Bowman et al. (1994) to represent kinetically controlled isotope exchange at a
constant temperature of 350 °C. Isotope exchange approaches equilibrium with increasing Damköhler numbers.

3.4 Results
3.4.1 Isotope effects induced by single-phase hydrothermal fluid advection
We simulated oxygen isotope transport by horizontal flow of a 350 °C fluid into porous
quartzite and initially filled by 150 °C pore fluid. Fluid pressure is fixed at 50 MPa at the inflow
and 25 MPa at the outflow, such that fluids stay in single-phase liquid conditions (Fig. 3.2).
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We separately simulated full equilibrium and kinetically constrained exchange with the host
rock, both representing pervasive fluid flow through a porous rock matrix and then analyze the
isotopic evolution of fluid and precipitated quartz for different scenarios of isotope exchange
with and without the host rock, representing a proxy to hydrothermally precipitated (vein)
quartz.
3.4.1.1 Equilibrium exchange
In simulations with equilibrium exchange, initial values of fluid and quartz are also in
equilibrium at each node. To keep the desired fluid compositions, isotope values of quartz in
dom
= 16.0‰ and
the domain and at the inflow (leftmost) node are initially set to δ 18Oquartz
inf
δ 18Oquartz
= 13.4‰ , respectively, and the inflow is kept at this value over the entire simulation

to provide a constant value of the incoming fluid. Figure 4 shows the evolution of oxygen
isotopic compositions (δ18O) of fluid and quartz during 750 years of simulation time.
In the beginning of the simulation, isotope values of both fluid and quartz start to increase
(Fig. 4 A) from the inflow. This increase coincides with the propagating thermal front
throughout the entire simulation and forms the leading edge of an isotope peak (Fig. 3.4).

Fig. 3.4: Temporal evolution of the single-phase equilibrium isotope exchange simulations after 15 years (A), 75
years (B), 200 years (C), and 750 years (D). Both fluid (blue line) and quartz (orange line) show enrichment in
heavy isotopes at the thermal front (dashed grey line) resulting in the formation of an isotope plateau describing
the complex isotope exchange front. The leading edge (1) of the isotope front is linked to the thermal front and
the trailing edge (2) represents the classical geochemical isotope exchange front (similar to Fig. 3A and B).
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At about 75 years of simulation time, the broadening of the isotope peak is more dominant than
its increase, and an upstream, trailing edge of the isotope exchange front at the left side of the
peak is well developed (Fig. 3.4 B). After 200 years, an isotope plateau has formed (Fig. 3.4
C), which reaches its maximum height at around 316 years with a fluid composition of about
plateau
plateau
δ 18Oliquid
= 14.4‰ and a maximum quartz composition of about δ 18Oquartz
= 20.4‰ . The

plateau expands further with time without any significant change in height. After 750 years,
the thermal front passed the entire domain leading to quasi-isothermal conditions and only the
trailing edge of the isotope front is visible and moves downstream with time. In the upstream
region, the rock equilibrates with the δ-value of the infiltrating fluid and in the downstream
segment related to the trailing edge of the isotope front, the fluid equilibrates with the
previously enriched isotopic composition of the host rock.
3.4.1.2 Kinetic isotope exchange
For modelling kinetic isotope exchange between fluid (single-phase liquid) and quartz, we
use Equations 3.18 –3.21. The kinetic rate constant kr is calculated for a grain diameter of
475 μm, as in the benchmark simulation for a Damköhler number with a value of 10. Figures
3.5 and 3.6 show the complex isotope evolution during the non-isothermal fluid flow with three
well recognizable parts of the isotope exchange front. In the first simulation (Fig. 3.5), fluid
and quartz are in initial isotope equilibrium with the same values as in Figure 3.4.
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Fig. 3.5: Temporal evolution of the single-phase kinetically controlled isotope exchange simulations after 15 years
(A), 75 years (B), 200 years (C), and 750 years (D) with initial equilibrium conditions. The classical isotope
exchange front between fluid (blue line) and quartz (orange line) is divided into three parts. 1: Kinetic isotope
exchange at low temperature, 2: kinetic exchange, and enrichment in heavy isotopes at the thermal front (dashed
grey line), and 3: kinetic isotope exchange at high temperature.

In Figure 3.6, we present the results of a more realistic simulation without initial equilibrium
conditions, therefore the initial isotope value of quartz both at the leftmost node and in the
dom
= 6.0‰ .
domain are δ 18Oquartz

Fig. 3.6: Temporal evolution of the single-phase kinetically controlled isotope exchange simulations after 15 years
(A), 75 years (B), 200 years (C), and 750 years (D) without initial equilibrium conditions. The initial nonequilibrium conditions results in a general decrease in the composition of the fluid (blue line), and at the right,
fluid-dominated boundary, an increase in that of the quartz (orange line). The classical isotope exchange front
between fluid and quartz is divided into three parts. 1: Kinetic isotope exchange at low temperature, 2: kinetic
exchange, and enrichment in heavy isotopes at the thermal front (dashed grey line), and 3: kinetic isotope exchange
at high temperature.

In both simulations, after 15 years, a leading isotope front has developed and moves ahead
of the thermal front, a feature not observed in the full equilibrium simulations. A second isotope
exchange front is linked to the thermal front (Fig. 3.5 A and 3.6 A). Here, if initial isotope
equilibrium is applied, an increase in the isotope values similar to the equilibrium case results
is visible (Fig. 3.5). Without initial equilibrium, the isotopic compositions are also approaching
a plateau but with lower values (Fig. 3.6). After 75 years of simulation time, the leading front
has moved 1500 m into the domain, and altered the isotopic compositions while the thermal
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front is still at 500 m, as in the equilibrium case (Fig. 3.5 B and 3.6 B). After 200 years, the
plateau at the thermal front is well developed (Fig. 3.5 C and 3.6 C). Maximum fluid values
plateau
plateau
= 2.7‰ with and without initial equilibrium
= 12.2‰ , and δ 18Oliquid
are about δ 18Oliquid

conditions, respectively, which are reached at about 467 years. The corresponding (but not
absolute maximum, regarding the entire simulation) quartz compositions are
plateau
plateau
= 8.7‰ , respectively. At the upstream end of the isotope
δ 18Oquartz
= 18.2‰ , and δ 18Oquartz

plateau, the trailing edge of the isotope exchange front has developed (Fig. 3.5 C, D and 3.6 C,
D). In the upstream segment relative to the trailing edge, the rock equilibrates with the original
δ value of the infiltrating fluid and at the downstream segment relative to the trailing edge the
fluid becomes equilibrated with the previously altered composition of the rock. After 750 years,
only the third, slowest exchange front is visible due to the uniform temperature of 350 °C that
has been reached by that time at each node in the domain (Fig. 3.5 D and Fig. 3.6 D).
3.4.1.3 Quartz precipitation and isotopic composition of precipitated quartz
In the temperature-pressure range of the single-phase liquid simulation (Fig. 3.2), quartz
precipitates during the entire simulation due to a quartz solubility gradient which is determined
by the temperature (-pressure) evolution (Figure 3.7 A). Maximum quartz precipitation occurs
at the thermal front due to the sharp decrease in quartz solubility with temperature.
Figure 3.7 A shows that some quartz also precipitates after the temperature front has passed
due to the minor decrease in quartz solubility during flow down the pressure and slight
temperature gradient. Quartz precipitation at the lower temperature end downstream of the
thermal front is negligible. The continuous quartz precipitation leads to a net accumulation of
quartz.
In order to analyze the effect of different scenarios of isotope equilibration, we separately
calculated the composition of hydrothermally precipitated quartz in the absence of isotope
equilibration with the host rock.
If no isotope exchange between fluid and host rock is allowed, the composition of the fluid
remains essentially constant as the effects of small amounts of quartz precipitation are minor.
If full isotope equilibrium between fluid and quartz precipitation is the only mechanism, the
initially precipitated small amounts of quartz at low temperature display high δ 18O values of
ca. 23‰ and, after passage of the thermal front, the newly precipitated quartz is in equilibrium
with the incoming fluid at a constant 13.4‰. After 200 years of simulation time, the isotopic
composition of the fluid is very close to the initial isotopic composition of the infiltrating fluid
(7.5‰). If kinetic exchange happens only between fluid and vein, neither the fluid nor the vein
composition are altered significantly compared to the equilibrium precipitation-only scenario,
and the isotope pattern of all the phases are the same as in Figure 3.7 B (Appendix A Fig. 3.A2
A).
If kinetic exchange between the fluid and the host rock is permitted, isotopic compositions
of both fluid and host rock are altered. The isotopic signatures of new quartz and vein quartz
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are adjusted to the new fluid composition, and they show a valley-shape pattern between the
thermal front and the left side of the domain with decreased isotopic composition (Fig. 3.7 C),
in contrast to the previous case (Fig. 3.7 B).

Fig. 3.7: Single-phase simulations after 200 years of simulation time. (A) Quartz precipitation rate (pink line) per
unit rock volume, quartz solubility (grey line), and quartz accumulation (green line). (B) Isotopic composition of
the newly precipitated quartz (pink line), and average isotopic composition of the accumulated vein quartz (green
line). In this simulation kinetic isotope exchange was not applied between fluid (blue line) and host rock quartz
(orange line), hence, the composition of host rock quartz is unchanged. Quartz precipitation from the fluid results
in a slight change in the isotopic composition of the fluid, which is not visible on this scale due to the large
fluid/precipitated quartz ratio. (C) The kinetic isotope exchange between host rock (+vein) quartz and fluid alters
the isotope pattern shown on subplot B, resulting in distinct fluid compositions and linked quartz compositions in
the domain.

43

Multiple stable isotope fronts during non-isothermal fluid flow

3.4.2 Isotope effects induced by two-phase hydrothermal fluid advection
In the two-phase simulations, vapor (or vapor-like fluid) with a temperature of 400 °C
is injected into the one-dimensional domain. The pore space is initially filled with a singlephase liquid with a temperature of 150 °C. The imposed pressure range from 20 MPa to 1 MPa,
which results in two-phase flow conditions during the advance of the vapor-dominated thermal
front (Fig. 3.2). This particular setup allows the effects of retrograde quartz solubility to be
captured and may relate to hydrologic conditions in the upper parts of some magmatichydrothermal systems where a high-temperature vapor phase (e.g. derived from magmatic
degassing) condenses into heated groundwater.
3.4.2.1 Equilibrium exchange
Similar to the single-phase simulations, Figure 3.8 A shows that the evolution of isotopic
compositions is tightly linked to the thermal front. However, instead of a simple thermal front,
the temperature evolution in two-phase flow shows a more complex pattern due to the
thermodynamics of condensation that constrain the pressure-temperature-enthalpy relations,
and also affect the isotopic profile. Above the critical temperature, isotope patterns follow those
described in the single-phase liquid simulation (Fig. 3.4), and the isotope values of both fluid
and rock increase. Below 374.1 °C, isotope fractionation between liquid and vapor sets in, but
the isotopic composition of the existing vapor phase reflects the isotopic composition of the
total fluid because only this fluid phase is present (Fig. 3.8 A).

Fig. 3.8: Snapshots of two-phase simulations after 200 years of simulation time. Below the critical temperature
(374.1 °C), equilibrium isotope exchange is applied between liquid (dark blue line) and vapor or vapor-like fluid
(light blue line). In the single-phase regions, solid lines stand for the existing fluid phase, and dashed lines, for
theoretical values of the non-existing phase. Dotted black vertical line shows the location of the critical
temperature (374.1 °C). For two-phase conditions (grey area), the isotopic composition of the bulk fluid is plotted
with a solid red line. (A) Equilibrium isotope exchange between fluid and quartz (orange line). (B) Kinetic isotope
exchange between fluid and quartz.

The isotopic composition of the total fluid (red solid line) lies between the liquid and vapor
compositions, starting with an isotope value close to the vapor phase but inclining toward the
liquid phase composition further downstream (Fig. 3.8 A, insert). The two-phase field is
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bounded by two distinct thermal fronts. The shape of the isotope front reflects the temperature
distribution, which differs from to the relatively simple form in the single-phase simulation,
but in general, oxygen isotopes of fluid and quartz follow the same principles of the peakplateau evolution. The second temperature increase under supercritical conditions results in a
secondary but smaller increase in the isotopic compositions of both quartz and fluid.
3.4.2.2 Kinetic exchange
Kinetic exchange in the two-phase simulation (Fig. 3.8 B) shows the same principles as in
the single-phase simulations with kinetic exchange (Fig. 3.6), and has the typical features
caused by phase separation (Fig. 3.8 A). Of the three fronts in the single-phase kinetic isotope
exchange scenario shown earlier (Fig. 3.5 and 3.6), the second front, linked to the thermal front,
now splits into two fronts due to the changes in the slope of the thermal front in the two-phase
simulation (Fig. 3.8 B). At the thermal fronts and in the two-phase field, the change of the
isotopic composition of the host rock is less dominant compared to both the single-phase
kinetic exchange simulations (Fig. 3.5) and the two-phase equilibrium exchange simulation
(Fig. 3.8 A). The isotopic compositions of the bulk fluid follow a similar trend as in the singlephase simulation without initial equilibrium (Fig. 3.6), with the addition of a secondary
increase in δ18O caused by the second thermal front.
3.4.2.3 Quartz precipitation and isotopic composition of precipitated quartz
In the two-phase simulation, quartz precipitation is interrupted by quartz dissolution
periods attributed to the two-phase state of the fluid (Fig. 3.9 A). Maxima of quartz
precipitation rate are linked to the boundaries of the two-phase field. The mass of accumulated
quartz is less (~4%) compared to the single-phase simulation (Fig. 3.7 A). Quartz solubility of
the fluid shows a general increase in the two-phase field with slight fluctuations. At the
downstream (liquid) side of the domain, solubility decreases compared to that in the two-phase
field but increases compared to the solubility in the vapor (left side of the domain). Delta values
of the accumulated vein quartz are not displayed in those parts where all the previously
precipitated vein quartz has been dissolved.
If neither kinetic exchange between fluid and host rock nor between fluid and vein quartz
are applied (Appendix A Fig. 3.A2 B), the isotopic compositions of host rock and fluid stay
constant (Fig. 3.9 B). Isotope values of newly formed and accumulated vein quartz show a
generally increasing trend with the temperature decrease in space, with a strongly elevated
value at the two-phase fluid – liquid boundary and a slight increase at the vapor – two-phase
fluid boundary (Fig. 3.9 B). Applying kinetic exchange between fluid and host rock quartz, the
newly formed and accumulated vein quartz show a shell shape pattern similar to the singlephase case (Fig. 3.7 C) but with gaps due to the two-phase quartz solubility behavior. The
isotopic compositions of fluid and host rock agree with those described in Figure 3.8 B.
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Fig. 3.9: Two-phase simulations after 200 years of simulation time with quartz precipitation. The grey area shows
two-phase conditions bounded by the two distinct thermal fronts (dashed grey line). The yellow areas show the
quartz dissolution intervals in the two-phase field. The dotted black vertical line shows the location of the critical
temperature (374.1 °C). (A) Quartz precipitation or dissolution rates (pink line), quartz solubility (grey line), and
quartz mass accumulation (green line). (B) Isotopic composition of the newly precipitated quartz (pink line), and
average isotopic composition of the accumulated vein (green line). In this simulation kinetic isotope exchange
was not applied between fluid (blue line) and host rock quartz (orange). Breaks in the pink line represent quartz
dissolutions (or no quartz precipitations), and breaks in the green line show where all the previously accumulated
quartz (vein) has dissolved. (C) The kinetic isotope exchange between host rock (+vein) quartz and fluid alter the
isotope pattern shown on subplot B.
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3.5 Discussion
3.5.1 Causes of complex isotope profiles along the flow direction: three different isotopic fronts
The complex spatial and temporal evolution of the isotopic profiles along the flow path
can be explained in terms of three different types of fronts that propagate with different
velocities. These are the fluid advection front, the thermal front, and the (isothermal)
equilibrium isotope exchange front, which have different characteristics in terms of isotopic
signals in fluid and rock.
3.5.1.1 Advection front
The physical fluid infiltration front or advection front relates to the amount of fluid needed
to entirely exchange the pore fluid with the injected fluid in the pore space and defines the
maximum velocity by which an isotope signal can travel. This physical front develops in the
fluid, not in the rock, and propagates approximately with the so-called pore velocity, defined
as
vp =

v

(3.22)

φ

(Ingebritsen et al., 2006). It is always the fastest of the three front types. For typical porosities
of 0.01 to 0.1, the advection front therefore moves with 100 to 10 times the Darcy velocity,
respectively. Further complexities that may arise from dispersion effects etc. are considered
minor in the context of this discussion. The advection front is isotopically not visible if full
isotope exchange equilibrium is applied; only in the case of kinetically limited exchange a clear
signal is visible in the fluid and a possible signal in the rock depends on kinetic exchange rate.
3.5.1.2 Thermal front
The thermal front describes the advancing location where the host rock gets heated by the
incoming fluid. This front is always retarded relative to the advection front as the fluid loses
heat to the rock while advancing. Assuming instantaneous thermal equilibration and an
advection-dominated system (i.e. neglecting heat conduction), the rate of advancement of the
front can be computed by balancing the heat capacity of the rock and the heat content of the
incoming fluid. In the two-phase case, this velocity of the thermal front, v th , is given by Geiger
et al. (2006a) as
v th =

c pl ρl v l + c pv ρ v v v

φ ( Sl c pl ρl + Sv c pv ρV ) + (1 − φ ) c pr ρ r

(3.23)

and can be simplified for a single-phase case to
v th =

c pf ρ f

φ c pf ρ f + (1 − φ ) c pr ρ r

v

(3.24)
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In the limiting case of φ = 1 , v th = v , i.e. the front moves with Darcy velocity. In the other
c ρ
limiting case of φ = 0 vth approaches pf f v , which most often is somewhere between one
c pr ρ r
and two times the Darcy velocity, demonstrating that this front is always slower than the
advection front for typical natural porosities. Note that this formalism assumes full and
instantaneous thermal equilibrium between fluid and rock, i.e. it propagates with the same
velocity in both fluid and rock, which may not be the case if fluids are strongly channeled.
3.5.1.3 Equilibrium isotope exchange front
The equilibrium isotope exchange front relates to isothermal exchange in response to the
infiltration of a fluid with a different isotopic composition and its characteristics have been
extensively described in the literature (e.g. Bowman et al., 1994). In our one-dimensional
simulations, the amount of infiltrating fluid is infinite, which means that its temperature and
isotopic composition determine the final equilibrium conditions.
Analogous to the heat exchange retarding the thermal front, full isotopic equilibration
retards the isotope exchange front between an incoming fluid and the rock and its propagation
velocity can be derived from Eq. 3.5 as
=
v isotope −equil

2
n Hf 2O + n SiO
f

φ (n Hf O + n Sf iO ) + (1 − φ )nq
2

2

v≈

n Hf 2O

φ (n Hf O ) + (1 − φ )nq
2

v

(3.25)

In the limiting case of φ = 0 , v isotope −equil is typically less than ca. 2/3 of the Darcy velocity,
depending on water density The lower the density, the lower v isotope −equil as less water molecules

n Hf 2O are available per unit time for exchange with the rock. In the limiting case of φ = 1 ,

v isotope −equil = v , i.e. the front advances with Darcy velocity. Given typical porosities of less than
0.1, these numbers imply that the equilibrium isotope exchange front should be slower than the
thermal front for all typical porosities.
By definition (i.e. due to the equilibrium condition), the equilibrium isotope exchange
front propagates with the same velocity in the fluid and solid phase. However, in the case of
kinetic isotope exchange, the kinetic rate determines the amount of isotope exchange during a
time step at the given temperature while the non-exchanged isotope fractions will be
transported further with the advecting fluid. The amount of fluid needed for a certain kinetic
exchange varies between the amount of fluid required for advection (zero exchange) and
equilibrium exchange (full exchange). The final stage of kinetic exchange is also full
equilibrium if the amount of injected fluid is infinite.
3.5.1.4 Relation of the different fronts to simulated isotope profiles
Figure 3.10 shows how these three fronts directly relate to key elements in the developing
isotope profiles for the general case of a simulation with kinetic isotope exchange. Fronts in
the simulated profiles coincide well with the ones computed from Eq. 3.22, 3.24 and 3.25 and
48

CHAPTER 3

plotted as dashed vertical lines are the three fronts in Figure 3.10. In these equations, the Darcy
velocity, v , is calculated using the viscosity at 150 °C because the velocity in the 150 °C warm,
leading part of flow in the domain limits the progression of the fronts. The kinetic isotope
exchange front travels with the advection front, because the isotopic exchange along the flow
path is kinetically limited and the isotope signal is a property of the advected fluid. It is
followed by the thermal front, which is the leading edge of the developing isotope peak. The
inclined slope of the fluid isotopic composition between the two fronts reflects the degree of
exchange due to kinetics. The trailing edge represents the isotope equilibration front. This
analysis can equally be applied to all profiles shown.

Fig. 3.10: Front propagation characteristics. Solid lines show fronts of the single-phase numerical simulation.
Black: advection front, red: thermal front, green: kinetic isotope exchange front, blue: full equilibrium isotope
exchange front. Dashed grey lines are computed fronts from the respective equations (3.22, 24, 25) given in the
text

3.5.2 Isotopic fractionation and front development at the thermal front
While the effect of the advection front and the (isothermal) equilibrium isotope
exchange fronts during fluid-rock interaction are well understood, the strong effect of the
thermal front (Fig. 3.4) has received little attention. To the best of our knowledge, such double
isotope fronts bounding a plateau with a distinct isotope value have not been analyzed
systematically in the geochemical literature.
Figure 3.4 shows that injecting hot fluid into a cold domain consisting of quartz, and
applying full equilibrium isotope exchange between them leads to a significant increase in the
isotopic composition of both fluid and quartz. The schematic Figure 3.11 explains how the
unusual isotope pattern is formed. The four blocks represent four segments of the temperature
front in the single-phase simulation. The leftmost box shows the hot, 350 °C, isotopically
equilibrated upstream segment, and the rightmost, downstream box shows the initial isotopic
compositions of quartz and fluid at the initial temperature of 150 °C. As soon as the hot fluid
from the first box reaches the cooler environment in the second box, it adds enthalpy to the
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rock and heats the domain. Assuming full equilibrium, instantaneous isotope fractionation
takes part between fluid and rock, defined by the new temperature at the thermal front, leading
to a decrease of the δ18O value of the quartz, and to an increase in the isotope value of the fluid.
Given the locally very low fluid-rock ratio during equilibration due to the low porosity and the
density contrast, the change in δ18O is more drastic for the fluid composition. This altered
heavy-O fluid moves further to the next cooler box, where it equilibrates with the unaltered (or
less altered) quartz at lower temperature, leading to elevated isotope values of both fluid and
quartz compared to the initial equilibrium isotopic composition at a temperature of 150 °C due
to a net increase in δ18O.

Fig. 3.11: Heavy isotope enrichment at the thermal front. Horizontal arrows show the flow direction of fluid in a
single fracture of the host rock quartz (grey boxes). Vertical arrows show enthalpy (h) and isotope (18O, 16O)
exchange between rock and fluid. The first and last boxes show final and initial conditions, respectively. The two
middle boxes represent the temperature drop at the thermal front as fluid flows through it. In the second box, the
hot fluid adds enthalpy to the rock resulting in an increase in temperature, and decrease in isotope fractionation.
From this box, the isotopically enriched fluid moves to the next box before the hot fluid heats it up, and enriches
the rock in heavy isotopes. Parallel black horizontal lines show the initial isotope fractionations, and the parallel
red horizontal lines the evolution of isotope values during heating.

To investigate the transient evolution of this phenomenon, we use a highly simplified
form of the governing equations of mass and energy conservation and isotope fractionation
relationships.
For a single-phase fluid flow, the energy equation (Eq. 3.6) can be written in a
temperature ( T ) formulation (Coumou et al., 2009a) as

(φρ

f

c pf + (1 − φ ) ρ r c pr )

∂T
= ∇K ∇T − ∇ ⋅ ( ρ f c pf vT ) + Qe
∂t

(3.26)

Assuming full thermal fluid-rock equilibrium, constant fluid properties and velocities, and
ignoring heat conduction as a further simplification, energy conservation can be formulated
from Eq. 3.26 as
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∂T
∂T
=− v ⋅ ρ f c pf
∂t
∂x
The Darcy velocity can be expressed from Eq. 3.27 as:

(φρ

f

c pf + (1 − φ ) ρ r c pr )

v= −

(φρ

f

(3.27)

c pf + (1 − φ ) ρ r c pr ) ∂T
∂T
∂t
ρ f c pf
∂x

(3.28)

The simplified form of Eq. 3.5 can be written to its one-dimensional, single-phase liquid

=
X f nf
formulation with mole fractions of the oxygen in the fluid

=
X q nq

(n

f

(n

f

+ nq ) and quartz

+ nq ) as
φ∂ ( X f δ 18O f + X qδ 18Oq )
∂t

=− v ⋅ X f

∂δ 18O f

(3.29)

∂x

Assuming full isotopic equilibrium between quartz and fluid, the temperature-dependent
fractionation ( 1000 ln α Quartz − Liquid ) can be approximated (O'Neil, 1986) by:
∆ q − f= δ 18Oq − δ 18O f ≈ 1000 ln α Quartz − Liquid

(3.30)

∆ q − f + δ 18O f and X q = 1 − X f , mass conservation of isotopes can be
Replacing δ 18Oq =
formulated from Eq. 3.29 as

(

∂ δ 18O f + (1 − X f ) ∆ q − f
∂t

) =− v ⋅ X

φ

f

∂δ 18O f

(3.31)

∂x

The results from Fig. 3.12 show that the elevated values reach a maximum that is controlled
only by the original values of fluid and rock in the domain which are in equilibrium at the
domain temperature. This plateau value can be calculated by coupling Eq. 3.28 and 3.31 by
their common dependence on the Darcy velocity of the transporting fluid. Substituting v from
Eq. 3.28 in Eq. 3.31 results in

(

∂ δ 18O f + (1 − X f ) ∆ q − f
∂t

) ⋅ ∂t

X f ∂δ 18O f ∂x
=
⋅
⋅
∂T C f
∂x
∂T

with the total heat capacity fraction of =
the fluid C f φρ f c pf

(3.32)

(φρ c + (1 − φ ) ρ c ) . Eq. 3.32
f

pf

r pr

directly couples the spatial and temporal derivatives of the isotopic compositions to the
respective temperature derivatives as

∂δ 18O f 1 − X f ∂∆ q − f
=
⋅
Xf
∂T
∂T
−1
Cf

(3.33)
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Fig. 3.12: Isotope plateau showing the maximum enrichment in isotopic compositions. (A) Numerical simulation
results with different compositions of the injected fluid, showing that the maximum enrichment is independent of
the isotopic composition of the infiltrating fluid. (B) Analytical and simplified solution plotted with MATLAB©.
Dark blue line: fluid (δ18Ofluid); orange line: quartz (δ18Oquartz); grey line: isotope fractionation (Δ); dashed grey
line: temperature (T) front. Light blue line shows the maximum enrichment of the fluid in heavy isotopes. Light
blue, solid grey, and dashed grey arrows show the change in fluid composition, isotope fractionation, and
temperature, respectively between initial conditions and plateau values.

Replacing the parameters from Table 3.1 into, and integrating Eq. 3.33 over the temperature
interval gives the height of the plateau (15.1‰) in relation to the initial fluid composition
(0.0‰) in the analytical solution. Figure 3.12 B shows the analytical solution.
Table 3.1. Values of the parameters used for the analytical solution.

Parameter

Value

Rock heat capacity (cpr)

880 J kg-1 K-1

Rock density (ρr)

2700 kg m-3

Quartz molar mass (Mq)

60.0843 g mol-1

Fluid heat capacity (cpf)

4320 J kg-1 K-1

Fluid density (ρw)

900 kg m-3

Water molar mass
Porosity (φ)
Fluid mass fraction (Xf)
Fluid total heat capacity fraction (Cf)
Initial temperature (Tinit)
Initial isotope fractionation (Δinit)
Final temperature (Tfinal)

18.0153 g mol-1
0.1
0.058
0.154
150 °C (423.15 K)
15.8‰
350 °C (623.15 K)

Final isotope fractionation (Δfinal)

5.8‰

Examples from numerical simulations (Fig. 3.12 A) show that despite using infiltrating
fluid with different isotopic compositions with δ inf
fluid of -10, 0, 7.5 and +25‰, Eq. 3.33 holds,
and the leading edge and the isotope plateau in each simulation are at the same position, and
its maximum value (14.4‰) is in good agreement with the one provided by the analytical
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solution. The plateau value of the analytical and numerical solutions are not identical, because
the numerical simulations use varying, realistic fluid properties and Darcy velocities, but the
analytical solution can serve as a first-order estimate of possible isotope shifts. Furthermore,
Eq. 3.24 and 3.25 allow velocities of the leading and trailing edge progression to be computed.
Since these velocities are different, the widening of the plateau can also be computed from it.
In summary, at equilibrium conditions, the isotope peak is bounded by the effect of the
temperature front at the leading edge and the infiltration and exchange front at its trailing edge.
Kinetic isotope exchange occurring on the leading edge alters the isotopic composition of the
fluid ahead of the thermal front. Consequently, the isotopic composition of the injected fluid
also has an effect on the isotope enrichment at the thermal front, unlike the full equilibrium
case. In addition, Figure 3.13 shows that the isotope enrichment at the thermal front only
slightly depends on the isotopic composition of the injected fluid and in each case, the isotopic
composition of the fluid reaches a similar value.

Fig. 3.13: Numerical simulation results with different compositions of the injected fluid, showing that by applying
kinetic isotope exchange, the enrichment at the thermal front only slightly depends on the initial isotopic
composition of the injected fluid. (A) Kinetic isotope exchange with initial full equilibrium between fluid and
quartz. (B) Kinetic isotope exchange without initial full equilibrium between fluid and quartz.

3.5.3 Quartz precipitation and isotopic composition of precipitated quartz
In the pressure-temperature range of the single-phase simulation, quartz solubility is
prograde, meaning that it increases with temperature increase in pure water (Fournier, 1985),
leading to quartz precipitation due to cooling and no quartz dissolution during the entire
simulation.
In the two-phase flow simulation, quartz precipitated at the thermal front can be
partially or completely dissolved because the solubility in the liquid phase is much higher than
the solubility in the vapor phase (Steele-MacInnis et al., 2012). In the simulation, the vaporlike single-phase fluid condenses a small amount of high-temperature liquid when entering the
two-phase field. Accordingly, the main quartz dissolution event (Fig. 3.9 A) is attributed to this
condensation process at the downstream boundary of the two-phase field, due to the large

53

Multiple stable isotope fronts during non-isothermal fluid flow

increase in the ratio of the high-temperature liquid component. Precipitation of quartz also
happens in the two-phase field although it is much less significant.
At the leading edge of the thermal front, large amounts of isotopically enriched quartz
precipitate due to the sudden drop in temperature. Consequently, the average isotopic
composition of the vein quartz upstream of the thermal front is always higher than the value of
the new quartz, as indicated in Figures 3.7 B and 3.9 B.
Kinetic isotope exchange between fluid and host rock quartz lowers the overall isotopic
composition of the fluid compared to the previous case, which results in an isotopically less
enriched character of the precipitated new quartz. Similar to the previous case, quartz
precipitates with elevated isotopic compositions at the cold edge of the temperature front. At
the thermal front, the kinetic isotope exchange process defined by the thermal front alters the
isotopic composition of the fluid. The enriched fluid composition does not reach the heavy
isotopic character of the infiltrating fluid; therefore, new quartz precipitating at and behind the
thermal front is isotopically lighter than that which precipitated from the initially injected fluid
(Fig. 3.7 C and 3.9 C). This results in lighter average isotopic compositions of accumulated
vein quartz than the isotopic composition of new quartz upstream of the thermal front. Despite
the following kinetic isotope exchange between vein quartz and fluid in both single- and twophase simulations, the isotopic composition of the new quartz is higher than that of the
accumulated vein quartz after the final 2000 years of simulation time. (Fig. 3.14).

Fig. 3.14: Final stage of the single-phase (A) and two-phase (B) simulations. The average isotopic composition
of the accumulated vein quartz are different from that of the newly precipitated quartz.

3.5.4 Relevance for interpretation of measurements
The geological significance of the results can be exemplified with hypothetical quartz
crystals growing at a distance of 0.5 km from the fluid source (left boundary of the domain)
under single-phase (Fig. 3.15), and two-phase (Fig. 3.16) conditions. Kinetically controlled
isotope exchange is assumed between fluid and host rock (Fig. 3.7 C and 3.9 C). The thickness
of the growth zones of the hypothetical quartz crystals corresponds to the mass of quartz vein
accumulated over time (Fig. 3.15 A and 3.16 A, Tables 3.A1 and 3.A2 in the Appendix A).
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Quartz precipitation at low temperatures is insignificant and vein quartz starts to grow at the
thermal front with high isotope values (Fig. 3.15 and Fig. 3.16; growth zone 1). In the singlephase simulation, quartz precipitates continuously with decreasing isotopic compositions as the
thermal front moves through the chosen point (Fig. 3.15; growth zones 2-3).

Fig. 3.15: Hypothetic quartz crystal precipitating from a single-phase fluid at a distance of 0.5 km from the fluid
infiltration point. (A) The first six zones (1-6) represent 20 years of growth each, the last four zones (7-10) 200
years, and the thickness of the zones along the c axis of the crystal reflects the mass of vein precipitated by the
respective time (Table 1 in Appendix A). (B) Isotopic compositions of the newly precipitated quartz (pink line),
and average isotope composition of the accumulated quartz vein (green line) show high delta values at the thermal
front, when the quartz starts to grow. Isotope compositions decrease at the isotope plateau. The last zones
precipitate in equilibrium with the heavy infiltrating fluid.

In contrast, in the two-phase simulation, the previously formed quartz vein entirely dissolves
when encountering two-phase conditions, mostly due to the condensation of undersaturated
liquid from the vapor phase. At the isotope plateau, quartz precipitates in both simulations with
decreasing precipitation rates and relatively constant isotopic compositions (Fig. 3.15, growth
zones 4-6; and Fig. 3.16, growth zones 2-3). Deviating from conventional interpretations, these
zones grow at the plateau conditions between the thermal and isotopic fronts, that is, already
at the elevated temperatures imposed by the incoming fluid, but not yet influenced by its
isotopic composition. The latest four growth zones in the single- and the last two zones in the
two-phase simulations each represent 200 years of simulation time. They grow at constant
temperatures under fluid-dominated conditions in equilibrium with the incoming fluid. Growth
zones 4 and 5 of the two-phase simulation also represent 200 years, but grow in the transient
zone between the isotope plateau and the incoming fluid-dominated regime, that is, during the
passing of the trailing edge (isotope exchange front).
The figures show that the evolution of hydrothermal systems has an important effect on
isotope fractionation, which should improve the interpretation of isotope data from natural
samples. Furthermore, the results show that conventional bulk isotope analysis of quartz
crystals, including several growth zones, could differ by 1-4‰ in their isotopic composition
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from results of high-resolution, in-situ SIMS analysis, which represent isotopic compositions
of single growth zones of a zoned hydrothermal quartz crystal.

Fig. 3.16: Hypothetic quartz crystal precipitating from a two-phase fluid at a distance of 0.5 km from the fluid
infiltration point. (A) The first zone grows over 20 years from single-phase liquid, and is entire dissolved (blue
line on the surface of the host rock) in the next few years as the fluid phase-separates. Growth zone 2 precipitates
from the two-phase fluid, and suffers a short period of dissolution (blue line inside growth zone 2) and then
precipitation events. As the fluid reaches single-phase vapor conditions, quartz precipitates at a very low
precipitation rate. Growth zone 3 represents 80 years, and growth zones 4-7, 200 years each. (B) Isotopic
compositions of the newly precipitated quartz (pink line), and average isotope composition of the accumulated
quartz vein (green line) show high delta values at the thermal front, when the quartz starts to grow. These zones
are entirely dissolved, the isotope compositions of the following quartz generations are much lower, and they
represent the isotope plateau. The last zones precipitate in (or close to) equilibrium with the heavy infiltrating
fluid.

The amount of deviation of the initial isotopic compositions of fluid and rock from
isotopic equilibrium influences the isotopic value of the fluid reached at the thermal front (Fig.
3.5 and 3.6). Fluids that are in or close to initial isotope equilibrium with the rock can produce
isotopic compositions with higher values than the (magmatic) input fluid at the thermal front,
even if the isotope fractionation is controlled by kinetic exchange. Furthermore, depending on
the effective surface area (grain size) and porosity, the isotopic compositions of the fluid can
reach higher or lower values than shown with our simulations. For the present study, we applied
a relatively small fluid-rock ratio and grain size (large effective surface), resulting in low
isotope values of the fluid. For instance, in Figure 3.6 A, the isotopic composition of the fluid
is about 2‰ at the thermal front. Applying grains with a ten-time larger diameter would lead
to fluid values of about 7‰.
3.5.5 Natural examples and implications for the analysis of isotopic fronts
Spatial variations of oxygen isotope values in hydrothermally altered ophiolites
document the fluid evolution in ancient magma-driven hydrothermal circulation systems at
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mid-ocean ridges (Gregory and Taylor, 1981). Oxygen isotope records from the Samail
Ophiolite, Oman, and volcanogenic massive sulfide deposits in the Abitibi Greenstone belt,
Canada (Cathles, 1993; Hoy, 1993; Paradis et al., 1993) show that δ 18O shifts are caused by
changes both in temperature and fluid-rock ratio, leading to 18O-depleted and -enriched rocks
in both localities. At the Abitibi deposits, the main ore mineralization is suggested to correlate
with the most depleted rocks surrounded by intense 18O enrichment halos and with the highest

δ 18O values of the fluid. These heavy anomalies have been interpreted either as a later fluid
pulse with a distinct isotopic composition or, based on Cathles (1993) numerical simulations,
as a short-lived anomaly that develops and migrates with the thermal front. Our results suggest
that the latter mechanism leads to heavy oxygen isotope alteration in any transient
hydrothermal system. However, these transient high δ18O values may subsequently be erased
or altered by ongoing fluid advection, isotopic equilibration or quartz dissolution. However,
remnants of the isotope enrichment in the rock may be preserved in some parts of the
hydrothermal system, possibly at the edge of the hydrothermal plumes.
In-situ SIMS analyses of vein quartz from ore-forming hydrothermal systems document
short-lived events of very high δ18O, which can currently not be explained with previous
models of fluid-rock interaction (Tanner et al., 2013). Our simulations provide a possible
explanation in that they show that kinetically limited exchange between vein quartz and fluid
may preserve the high δ18O values and thus make vein quartz potentially a valuable archive of
the thermal and hydrological evolution of individual parts of a given system.
3.6 Conclusions
We investigated the transient evolution of oxygen isotope signatures at hydrothermal
advection fronts with one-dimensional numerical simulations. We modelled the infiltration of
high temperature fluids with a distinct isotopic signature into a domain at initially lower
temperatures and different initial isotopic compositions of the pore fluids and the host rock.
The simulated isotopic record is controlled by three hydrological fronts moving at
different characteristic velocities: 1) the advection front moves with the pore velocity and can
provide the first isotopic signal from the incoming fluid at temperatures controlled by the initial
host rock; 2) The thermal front moves slower, because the incoming fluids lose heat to the
colder host rock. Coupled heat and isotope exchange between fluid and rock can lead to
significant enrichments in heavy isotopes at this temperature front; 3) The isotope exchange
front reflecting the signature of the incoming fluid trails behind.
At fast kinetic rates approaching full isotopic equilibrium between fluid and rock, the
advection front (1) vanishes and the thermal (2) and isotope (3) fronts are separated by a plateau
of constant isotope values. This maximum increase in δ18O is solely controlled by the initial
isotopic compositions of fluid and rock, fluid-rock ratio, and the total change in temperature,
and is independent of the isotopic composition of the incoming fluid.
Slower kinetic rates result in smoother fronts, leading to partial overlaps of the three
fronts, which effects the height and shape of the isotope plateau behind the thermal front,
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because of an increasing influence of the isotopic composition of the incoming fluid. The
isotopic record can be further modified by complex temperature profiles evolving under twophase and supercritical conditions, or by large disequilibrium conditions between the initial
pore fluids and the host rock.
Quartz precipitated from single-phase hydrothermal fluids inherits and mirrors the
isotopic evolution of the fluid. Under two-phase conditions, oxygen isotope fractionation
between liquid and vapor only has a minor effect on the fluid-quartz isotope exchange itself.
However, vapor-dominated two-phase flow can result in short-lived periods of quartz
dissolution, which can eventually lead to a complete disappearance of all hydrothermal quartz
crystals precipitated during earlier stages, including their anomalous isotope records.
For a correct interpretation of the isotope records of natural samples, these transient
variations of stable isotope signatures have to be considered. The described enriched isotopic
compositions at the thermal fronts could easily be interpreted as fluid mixing with a later pulse
of higher δ18O (e.g. magmatic) fluids, whereas the isotopic signatures may simply result from
heating and be less affected by the original isotopic signature of the infiltrating fluid. Our new
analytical solutions indicate that the position, height, and evolution of this isotope plateau can
be estimated and may provide a valuable constraint for interpretations of measured isotope
signatures in hydrothermal systems. Namely, we strongly recommend the use of
microanalytical techniques as precipitated (vein) quartz seems to have a great potential for
recording and preserving these transient signals.
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3.8 Appendix A
Figure 3.A1 shows the positions of the isotope exchange front of our simulation plotted
on the top of the original plot from Bowman et al. (1994) for a Damköhler number of 0.1 and
at a constant temperature of 350 °C. At each time step given by Bowman et al. (1994) the
position of the exchange front of our simulation agrees with that from Bowman et al. (1994).
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Fig. 3.A1: Kinetically controlled oxygen isotope evolution of water as a function of non-dimensional distance (Z)
and time (τ) with a Damköhler number (ND) of 0.1 and at a temperature of 350 °C. The simulation results
calculated with CSMP++ (color lines) are plotted on the top of the original results (black lines) from Bowman et
al. (1994).

Figure 3.A2 shows additional simulations results of single-phase (A) and two-phase (B)
simulations. Here, kinetic isotope fractionation between accumulated vein and fluid is applied,
although this has no significant effect on the isotope signatures compared to that case if no
isotope equilibrium is applied between them.

Fig. 3.A2: Snapshots of kinetically controlled isotope exchange between fluid and accumulated quartz vein
simulations after 200 years of simulation time. The exchange does not have any visible effect on the fluid’s
isotopic composition in this scale. Dark blue line: liquid; orange line: host rock quartz; pink line: precipitated
quartz; green line: accumulated vein quartz. Dashed grey line: thermal front. (A) Single-phase conditions. (B)
Two-phase conditions. Light blue line: vapor; grey field: two-phase area, yellow fields: quartz dissolution
intervals.

Figure 3.A3 explains the kinetic isotope exchange between fluid and quartz at 150 °C
with a Damköhler number of 10. At this low temperature the isotope fractionation is large
between quartz and fluid, hence, fluid is approaching negative values in the rock dominated
downstream segment of the domain. The kinetic exchange rate at 150 °C is relatively small
which results in fast movement of the fluid. In the fluid-dominated upstream segment, the
composition of quartz equilibrates with the injected fluid at 150 °C.
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Fig. 3.A3: Numerical simulation results of isothermal and kinetically controlled isotope exchange between singlephase fluid (blue line) and host rock quartz (orange line) at 150 °C. The kinetic exchange rate represents a
Damköhler number of 10. (A) Simulation with initial equilibrium conditions. (B) Simulation without initial
equilibrium conditions.

We provide additional results for Figure 15 and 16 in a tabular format in Table 3.A1
and Table 3.A2, respectively.
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Table 3.A1. Additional data for Figure 3.15

Single-phase simulation (Fig. 3.15)
Growth
zone

Time
(years)

1
2
3
4
5
6
7
8
9
10

100
120
140
160
180
200
600
1000
1400
1800

Tempera- Mass quartz
ture (°C)
vein (g)
164
210
281
330
346
347
348
348
348
348

13
74
229
365
408
418
525
656
787
918

δ18O
quartz
precip
13.1
10.7
8.5
7.9
7.8
7.9
13.3
13.4
13.4
13.4

δ Ofluid δ quartz vein
18

-1.7
-0.9
0.4
1.5
1.9
2.0
7.4
7.5
7.5
7.5

18

13.4
12.0
10.2
9.4
9.2
9.2
9.7
10.4
11.0
11.3

δ18O
host
rock

Fluid
phase

6.7
6.9
7.4
7.7
7.8
7.8
13.3
13.4
13.4
13.4

Liquid
Leading edge
Liquid
(Thermal
Liquid
front)
Liquid
Liquid
Isotope
plateau
Liquid
Liquid
Liquid Trailing edge
(Injected fluid
Liquid predominance)
Liquid

Isotope
exchange front
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Table 3.A2. Additional data for Figure 3.16
Two-phase simulation (Fig. 3.16)
δ18O
quartz
precip

δ18O
fluid

δ18O quartz
vein

δ18host
rock

Fluid
phase

Isotope
exchange front

99

9.6

0.1

11.8

6.8

Liquid

Leading edge
(Thermal
front)

347

12

6.9

0.9

6.9

Vapor

367
380
381
381
381

14
22
28
34
40

7.1
7.8
11.5
12.5
12.6

1.7
2.8
6.4
7.5
7.5

7.1
7.8
11.4
12.5
12.6

Vapor
Vapor
Vapor
Vapor
Vapor

Growth
zone

Time
(years)

Tempera- Mass quartz
ture (°C)
vein (g)

1

100

248

2

120

3
4
5
6
7

200
600
1000
1400
1800

7.0 (Partly
diss.)
7.0
7.1
7.7
8.5
9.2

Isotope
plateau
Trailing edge
(Injected fluid
predominance)
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4

Two-dimensional simulations of non-isothermal kinetic
isotope exchange during hydrothermal fluid flow

4.1 Introduction
Before applying the new model developments for non-isothermal kinetic oxygen
isotope exchange (Chapter 3) to the simulations of the complex hydrology of porphyry copper
systems (Chapter 5), first results from two simplified simulations of non-isothermal singlephase fluid convection in hydrothermal systems driven by magmatic heating are presented.
This transitional thesis chapter aims at identifying and illustrating characteristic twodimensional (2D) patterns that develop from the processes described in the one-dimensional
(1D) simulations of kinetic oxygen isotope exchange between fluid and rock (Chapter 3). Here,
homogenous permeability distribution is assumed, before the complex feedbacks between
permeability, pressure, and temperature are introduced (Weis et al., 2012).
In the first simulation, an elevated heat flux is applied to drive pore fluid convection.
Similar simulations have been conducted for typical mid-ocean ridge settings to explain
observed oxygen isotope patterns in the Noranda mining district (Abitibi Greenstone Belt,
Quebec) massive sulfide deposits (Cathles, 1993; Hoy, 1993). Temporarily increased isotopic
composition calculated with this early model has been attributed to the migration of a thermal
anomaly (Cathles, 1993). In the second simulation, a hot liquid-like fluid source with magmatic
isotopic character is injected at the bottom of the simulation domain as a driver for the thermal
evolution of the system.
We show the results of isotope evolution during the heating stage of the hydrothermal
activity until the temperature of the domain reaches steady-state conditions.
4.2 Methods and model setup
For the two-dimensional simulations we apply an implementation of the Complex System
Modeling Platform (CSMP++) in two-dimensional geometries (Weis et al., 2014). The
governing equations for multi-phase fluid flow, heat transfer, and kinetic isotope fractionation
used for the two-dimensional simulations are equivalent to those applied and presented in
Chapter 3. Kinetic isotope fractionation is applied to fluid-host rock equilibration where the
host rock is assumed to consist entirely of quartz. The isotopic evolution of precipitated quartz
is not explicitly discussed in this chapter.
We performed single-phase, two-dimensional simulations on a rectangular domain 9 km
wide and 3 km deep, which represents a vertical section of the upper crust. The top boundary
is kept at a pressure of 25 MPa to ensure that the fluid stays in the single-phase liquid (or liquidlike) field during the simulation. In all simulations, the domain has been initialized with 10°C,
and at the bottom a constant heat flux of Qc = 0.05 W m-2 is applied. In the center, below the
bottom boundary along a 1 km-wide segment, a magmatic body is assumed to provide either
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additional heat prescribed by an elevated heat flux of Qc = 9 W m-2, or a hot magmatic fluid
influx with a constant source rate of QH 2O = 0.04 kg s-1 and with a high enthalpy of h f = 1.5
MJ kg-1 to the system. The initial oxygen isotope composition of fluid and quartz are

δ 18O fluid = 0‰ and δ 18Oquartz = 6‰ , respectively.
4.3 Results
4.3.1 Simulation with elevated heat flux
As a response to the added heat, hydrothermal convection of pore fluid self-organizes
in the simulation domain with an upflow zone in the middle of the domain, which is surrounded
by downflow regions from the sides. Temperatures reach > 300°C close to the heat source at 3
km depth (Fig. 4.1 A, B) and increase during the simulation until the system reaches quasisteady state conditions (Fig. 4.1 E, F) (Weis et al., 2014). Fluid (Fig. 4.1 A, C, E) and quartz
(Fig. 4.1 B, D, F) exchange oxygen isotopes according to the thermal evolution of the system
and the temperature dependent fractionation factors and kinetic rates.

Fig. 4.1: Isotopic evolution of fluid (A, C, E) and rock (B, D, F) during self-organized fluid convection applying
elevated heat flux at the bottom boundary of the two-dimensional domain. Isotopic compositions show enriched
and depleted values compared to the initial isotopic composition of fluid and quartz. Dashed grey line:
temperature, arrows: flow direction.
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After 5 kyrs, the isotopic composition of the fluid in the middle of the upflow zone at
1.5 km depth shows increased values of about 3‰ (Fig. 4.1 A). In the areas surrounding these
elevated values, the fluid is depleted compared to its initial composition of 0‰. The isotopic
compositions of quartz (Fig. 4.1 B) also show enriched values (~10‰) at these depths, and a
strong depletion (~-5‰) close to the heat source.
After 15 kyrs, the enriched isotopic compositions of both fluid and quartz shift to
shallower depth levels, while their isotopic composition at greater depths in the upflow zone
become more depleted. In the low-temperature (~100°C) downflow zone, the isotopic
compositions of the fluid decreases with depth along the 100°C isotherm (Fig. 4.1 C) while the
quartz value slightly increases compared to the its initial 6‰ isotopic composition (Fig. 4.1 D).
After 50 kyrs, the increased isotopic values are replaced by more depleted isotopic
compositions of both fluid and quartz in the upflow zone (Fig. 4.1 E, F). In the downflow zone,
the isotopic compositions of the fluid show a decrease with depth while close to the surface the
initial composition of 0‰ is conserved. Quartz shows a large zone of enrichment in the
downflow zone with significantly increased values of ~15‰.
4.3.2 Simulation with a hot magmatic fluid source
4.3.2.1 Physical extent of fluid advection fronts and thermal evolution
The temporal evolution of the physical infiltration fronts of the injected magmatic fluid
and the surface-derived fluid is tracked as the “magmatic water fraction”. This property is the
fraction of magmatic water over meteoric water and is calculated from inert passive tracers
assigned to the two fluids (Fig. 4.2). Injected magmatic fluids propagate toward the surface and
after 5 kyrs, the fluid at the top boundary has >99% of magmatic fluid over a 4 km long stretch
in the middle of the boundary (Fig. 4.2 A-C). After the breakthrough of the thermal plume to
the surface, the initial pressure anomaly during fluid expulsion relaxes and recharge of meteoric
fluid from the surface starts to suppress the lateral extent of magmatic fluid, resulting in a
narrower magmatic-dominated upflow zone at 50 kyrs of simulation time (Fig. 4.2 D-E).
Hot fluid injection triggers temperature increase in the domain. However, temperature
and advection fronts are decoupled and the thermal front lags behind the physical fluid
infiltration front (Fig. 4.2 and Chapter 3). In comparison to the heat flux simulation, the
temperature evolution of the system is enhanced by the hot fluid injection, resulting in a faster
and larger-scale temperature increase in the two-dimensional domain during the heating stage
of the simulation. Temperature increases until steady state conditions are reached, ~50 kyrs of
simulation time (Fig. 4.2 E).
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Fig. 4.2: Physical extent of injected magmatic and surface-derived meteoric fluids after (A) 500, (B) 1500, (C)
5000, (D) 15000, and (E) 50000 years of simulation time. A value of zero represents pure meteoric water, a value
of 1 pure magmatic fluid. Dashed grey line: temperature, arrows: flow direction.

4.3.2.2 Isotope evolution of fluid and rock
After 500 years, the fluid shows a concentric zonation of different isotopic
compositions centered on the fluid injection point. The outermost zone (light pink) shows a
value of ~2‰, which lies between the initial isotopic composition of pore and injected fluids.
This increased value is followed first by zones with decreasing isotopic compositions, and then
below 2 km where temperature is increased, the isotopic composition of the concentric zones
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is approaching the value of the injected fluid (Fig. 4.3 A). The isotopic compositions of the
host rock show similar patterns as the fluid below 2 km depth, with the heaviest composition
around the fluid injection point (Fig. 4.3 B). After 1.5 kyrs, the previous pattern of the fluid’s
isotopic composition evolves further showing a decreasing trend toward the top, left and right
boundaries of the domain (Fig. 4.3 C). The zone of increased isotopic composition of quartz is
also extended toward shallower depth levels (Fig. 4.3 D).

Fig. 4.3: Isotopic evolution of fluid (A, C, E, G, I) and rock (B, D, F, H, J) as a results of hot magmatic fluid
injection. In general, the upflow zone is characterized with enriched isotopic composition of fluid and quartz,
which is surrounded by depleted isotopic compositions. Dashed grey lines: temperature.
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From 5 to 50 kyrs, the isotopic compositions of the fluids in the upflow zone evolve toward the
initial isotopic composition of the injected fluid (7.5‰) while in the downflow zone the
isotopic compositions of the fluids decrease with depth (Fig. 4.3 E, G, I). The isotopic
compositions of quartz mirror the fluid evolution, and have increased values in the upflow
zone. Close to the bottom boundary, at both sides of the upflow zone quartz composition shows
depleted values (Fig. 4.3 F, H, J). The extent of these depleted values increases toward
shallower depth levels (Fig. 4.3 J).
4.4 Discussion
4.4.1 Isotope enrichment at the thermal front
The presence of heavy fluid and quartz with isotopic compositions of ~3‰ and 10‰,
respectively, in the heating stage of the hydrothermal activity in the simulation without fluid
injection implies that the kinetic exchange between fluid and rock results in enrichments of the
isotopic compositions at the thermal front (Fig. 4.1). These enriched values migrate with the
thermal front (see also Chapter 3). The temporarily increased isotopic composition of fluid
and quartz disappear as soon as quasi-steady state thermal conditions are reached in the
simulation. When steady-state temperatures are established, fluid flow directions and
temperature distribution determine further isotope exchange mechanisms in the hydrothermal
system.
4.4.2 Kinetic isotope exchange triggered by injected magmatic fluid
During non-isothermal isotope transport, if not only magmatic heat but also fluid mass
is added to the convection system, the developed kinetic isotope exchange front can be divided
into a leading and a trailing edge (see also Chapter 3). As labelled in Figures 4.3 A, C and E,
the leading edge includes kinetic exchange mechanisms ahead of (1) and at (2) the thermal
front. The last (3) kinetic exchange process takes place at the trailing edge of the kinetic isotope
exchange front, behind the thermal front and is triggered by the different isotopic composition
of the injected fluid (see also Chapter 3). At constant temperatures, only the third (3) exchange
front would develop as shown by numerous one-dimensional simulations (e.g. Bowman et al.,
1994).
Figure 4.4 compares the results from Figure 4.3 (Fig. 4.4 A, C, E) with the results of an
additional simulation with an injected fluid of 0‰, i.e., identical to the initial pore fluid (Fig.
4.4 B, D, F). This simulation shows the temporary isotopic composition of fluid at the thermal
front, which is the ‘plateau’-phenomenon described and analyzed in Chapter 3. The first
process (1) occurs ahead of the thermal front under low temperatures therefore resulting in a
small kinetic exchange rate and fast progress of the exchange front (Fig. 4.4 A). The elevated
values reflect that the injected magmatic fluid partly exchanged its isotopic content with the
pore fluid. Applying 0‰ isotopic composition for the injected fluid, this exchange front is
hidden due to the equal isotopic composition of injected and pore fluids (Fig. 4.4 B).
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The heat flux simulation showed that transient thermal evolution itself leads to an enriched
isotopic composition at the thermal front (Fig. 4.1). However, non-isothermal fluid flow
simulation with fluid injection where the isotopic composition of the injected fluid is magmatic
(7.5‰ in our case) can potentially result in a value at the thermal front that is enriched
compared to the initial pore fluid composition but lighter than the initial isotopic composition
of the injected fluid. Therefore, the isotopic composition that the fluid gains at the thermal front
is not visible in the original two-dimensional fluid source simulation (Fig. 4.3 and 4.4 C, E).
Figure 3.6 in Chapter 3 shows the same principals for the one-dimensional simulation.

Fig. 4.4:. Kinetic isotope exchange front. The three sequential kinetic isotope exchange mechanisms (1-3) are
visualized by using different initial isotopic composition of the injected fluid. Injected fluid has an isotopic
composition of 7.5 ‰ on panels (A), (C) and (E) and 0‰ on (B), (D) and (F). Plateau shows the enriched isotopic
compositions compared to the initial pore fluid at the thermal front.

However, applying 0‰ isotopic composition for the injected fluid reveals the second
isotope exchange (2) at the thermal front (Fig. 4.4 B, D, F). Furthermore, it shows that the
isotopic composition at the ‘plateau’ is only slightly influenced by the isotopic composition of
the injected fluid (Fig. 4.4). Figure 3.13 shows the same principals for the one-dimensional
simulation.
The third isotope exchange mechanism (3) is the trailing edge of the kinetic exchange
front and is controlled by the initial isotopic composition of the injected fluid (Fig. 4.4 E, F).
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After the system reached steady state temperatures, fluid flow directions and the temperature
distribution determine isotopic compositions.
4.4.3 Isotope evolution at steady state temperatures
In both heat flux (Fig. 4.1) and source fluid (Fig. 4.3) simulations, isotope patterns are
defined by the isotopic composition of fluid in the upflow and downflow zone and the
temperature distribution. In the colder (200-100°C) downflow zone, the fluid enriches the rock
in heavy oxygen isotopes due to the larger isotope fractionations at colder temperatures. This
explains here the intense enrichment of the host rock in both simulations. Consequently, the
isotopic composition of the fluid becomes depleted during downflow. In the heat flux
simulation (Fig. 4.1), fluid with light isotopic composition enters the hot (>300°C) upflow zone
and the small isotope fractionation at the higher temperature leads to isotopically depleted rocks
in the upflow zone. This process is visible in the fluid source simulation In Figure 4.3 F, H and
J, close to the bottom boundary, where the depleted fluid moves from the colder downflow
zone toward the warm fluid source. Along this short distance, the fluid moves up a temperature
gradient leading to depleted isotopic composition of the rock (Cathles, 1993; Hoy, 1993;
Paradis et al., 1993). Isotopic composition in the upflow zone of the fluid source simulation is
defined by the initial isotopic composition of the injected fluid.
4.4.4 Kinetic rate laws at low temperatures
At relatively cold temperatures, the fluid composition can reach quite low isotope
values down to -23‰, which appear unrealistic for natural systems. These values are calculated
correctly, but are probably artefacts resulting from the applied kinetic rate laws for the long
timescales considered in the simulations. For future simulations, the low-temperature end of
these rate laws should be adjusted to attain more realistic values. Note that for computational
reasons, the complex and time-consuming simulations of Chapter 5 have been started before
these modifications could be implemented and will therefore still show this artefact.
4.5 Conclusions
A set of numerical simulations of non-isothermal equilibrium isotope transport based on free
thermal convection in a uniformly permeable rock system shows that the isotope exchange
processes consist of three different steps: (1) ahead, (2) at, and (3) behind the thermal front.
After steady-state conditions are reached, the isotopic compositions of fluid and rock evolve
based on the fluid flow directions and temperature distributions in the hydrothermal system.
The application of published kinetic rate laws lead to unrealistically low isotope values at low
temperatures and probably should be modified at the low-temperature end for future
simulations.

70

5
Numerical simulation of vein quartz deposition, copper
precipitation, and oxygen isotope evolution in porphyry copper
systems
In preparation for submission to Earth and Planetary Science Letters. The manuscript is under
revision. Readers must be aware of possible differences between Chapter 5 and the future
publication.

5.1 Abstract
Stable isotope signatures of hydrothermal vein and alteration minerals record the fluid
evolution in magmatic-hydrothermal ore deposits. Oxygen and hydrogen isotopic compositions
have long been used to reveal the origin of hydrothermal fluids involved in porphyry copper
ore formation. However, isotope analyses of natural samples from porphyry copper deposits
have provided ambiguous information on the location and role of meteoric water incursion in
copper precipitation. Simple non-isothermal fluid-flow simulations have shown a significant
variation in isotopic signatures at the thermal front. Combining recent numerical simulations
of hydrothermal fluid flow in porphyry copper systems with temperature-dependent isotope
exchange and quartz precipitation models provides insight on the extent of magmatic and
meteoric fluids, and allows these fluid to be associated with quartz precipitation/dissolution
and the isotopic evolution of the fluid, host rock, and hydrothermal quartz.
Our model includes and combines the effect of the interplay between saline fluid flow
and rock permeability, the temporal variation of quartz precipitation/dissolution rates and the
evolution of isotopic composition of hydrothermal fluid, quartz, and host rock. The
accumulation of hydrothermal quartz results in vein formation, which temporally and/or locally
might be disturbed by intervals of quartz dissolution related to high pressure-temperature
conditions in the upflow zone. At the periphery to the magmatic fluid plume, quartz dissolution
occurs and is linked to incursion of meteoric water, which dissolves quartz as it is being heated
at the interface of the magmatic-meteoric flow regime.
Copper starts to precipitate from entirely magmatic fluid in the center of the magmatic
fluid plume, but a significant meteoric water component is present in the fluid shortly later.
The onset of magmatic-meteoric fluid mixing depends on the position inside the hydrothermal
fluid plume. However, at this stage, the isotopic composition of the hydrothermal fluid and
quartz show apparent magmatic signatures due to a temporal enrichment in δ18O at the thermal
front and high-temperature re-equilibration of fluid with previously precipitated, isotopically
enriched hydrothermal vein quartz.
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5.2 Introduction
Magmatic-hydrothermal metal transport and precipitation is the geologic process
responsible for the world’s principal resources of Cu, Mo, Sn, W and for major resources of
Au and other metals. A key agent in this process are magmatic fluid, expelled from a large
intrusion at several km depth (Audétat and Simon, 2012), which transports the metals (e.g.,
Hedenquist and Lowenstern, 1994). This fluid ascends and precipitates the metals at shallower
depths above the intrusion, with details varying with ore deposit type and geologic setting. The
exact causes and conditions of metal precipitation remain subject to intensive research. Various
physicochemical processes are involved, including fluid-rock interaction (hydrothermal
alteration) that affects parameters such as pH and redox, and separation of single-phase
magmatic fluids into two-phase (vapor and liquid) fluids (Montoya and Hemley, 1975; Eastoe,
1978; Giggenbach, 1992b; Hedenquist et al., 1998; Yardley, 2005; Sillitoe, 2010). For many
deposit types temperature is thought to be the main physical variable controlling metal
solubility (e.g. chalcopyrite, galena, sphalerite) in hydrothermal fluids (Hemley et al., 1992),
with temperature decrease being a principal driver of metal precipitation (Crerar and Barnes,
1976; Hedenquist and Lowenstern, 1994; Redmond et al., 2004; Landtwing et al., 2005).
Hydrothermal convection of ambient fluids (e.g., meteoric water) can induce cooling of
magmatic fluids expelled from crystalizing magma chambers (Sillitoe, 1973; Cathles, 1977;
Henley and McNabb, 1978; Burnham and Ohmoto, 1980; Hedenquist and Lowenstern, 1994;
Weis, 2014), either by conductive heat loss to the surrounding host rocks or by direct mixing
of the fluids of different origin (Sheppard et al., 1971; Eastoe, 1978; Dilles, 1987; Sun and
Eadington, 1987; Audétat et al., 1998). Size, shapes, emplacement depths, and lifetime of the
magmatic source (Chiaradia and Caricchi, 2017), and the permeability distribution of the host
rock influence the fluid flow path, the cooling mechanism, and the location of the front of metal
precipitation (Ingebritsen et al., 2010; Weis, 2015).
This chapter focuses on the interaction of magmatic and meteoric fluids in model
systems of porphyry copper ore formation. It builds on a previous numerical simulation study
of Weis et al. (2012) that showed that the typical shape of porphyry copper ore shells may be
explained by cooling due to meteoric water, which can shape the ascending magmatic fluid
plume. The modelling results can reproduce and explain many field observations ranging from
temporal relations of quartz vein formation and copper precipitation, through fluid inclusion
type distributions to the meteoric overprint of magmatic-fluid derived mineral precipitation.
Porphyry copper deposits are centered around vertically elongated porphyry stocks at a
few kilometers depth (~2-3 km) injected (commonly multiple times) from deep (≥5 km)
intrusions above active and ancient subduction zones (Sillitoe, 2010; Richards, 2011). The
porphyry stocks are volumetrically minor intrusions that mark the location of “exhaust valves”
of crystallizing hydrous magma chambers at greater depths (Sillitoe, 2010). Porphyry copper
systems display superimposed and overprinting alteration events with a characteristic sequence
of intense hydraulic fracturing and vein formation (Sillitoe, 1973; Gustafson and Hunt, 1975;
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Sillitoe, 2010). Repeated cycles of fracturing and sealing are controlled by the interplay of fluid
flow and rock mechanics that led to changes in permeability, which lead to the release and
ascent of magmatic fluid surges from the cupola of the deep intrusion toward shallower depths
(Hedenquist and Lowenstern, 1994; Sillitoe, 2010; Weis et al., 2012).
Studies of cathodo-luminescence (CL) petrography and fluid inclusion results of
chalcopyrite- and bornite-bearing quartz veins from large porphyry copper deposits (e.g.
Bingham Canyon, Utah or Elatsite, Bulgaria) indicate that precipitation of copper minerals
postdates the formation of most vein quartz deposited during the early hydraulic fracturing
stages. The copper sulfide minerals are embedded in or surrounded by younger generations of
quartz which precipitated at temperatures of 300 - 450 °C and pressures of< 250 bars (Rusk
and Reed, 2002; Redmond et al., 2004; Landtwing et al., 2005; Landtwing et al., 2010;
Stefanova et al., 2014). The temperature interval of copper precipitation indicates that copper
precipitation occurs at lower temperatures than the initial magmatic temperatures of 600-700
°C and a sharp temperature decrease from ~450 - 425 °C to 350 °C is the major trigger of the
ore formation (Hezarkhani et al., 1999; Landtwing et al., 2005).
There is an on-going discussion whether copper precipitates from an entirely magmatic
fluid or deposition is associated with a mixture of magmatic and meteoric fluids (e.g. Sheppard
et al., 1971; Gustafson and Hunt, 1975; Eastoe, 1978; Hedenquist et al., 1998; Sillitoe, 2010;
Heinrich and Candela, 2014). Based on crosscutting vein structures of early quartz precipitation
accompanied by potassic alteration, and zones of lower temperature sericitic and argillic
alteration, meteoric water incursion has been thought to be restricted to peripheral parts of the
system or post-ore stages (Gustafson and Hunt, 1975; Proffett, 2003; Sillitoe, 2010; Richards,
2011). Results from detailed textural mapping of an euhedral hydrothermal quartz crystal from
the Elatsite deposit, combined with thermodynamic modeling of quartz solubility indicates that
a heated meteoric water component of the fluid was present at about the time of sulfide
precipitation (Fekete et al., 2016).
As meteoric water circulated from the surface is present at some stage in many oreforming systems, oxygen and hydrogen isotope studies have been used to help determine its
presence along with fluids of other origin (Campbell and Larson, 1998). Oxygen and hydrogen
isotope data (Sheppard et al., 1971; Taylor, 1974; Bowman et al., 1987; Hedenquist et al., 1998)
of alteration minerals from the surroundings of porphyry copper deposits were interpreted to
indicate some involvement of meteoric water in the sericitic, argillic, and propylitic alteration
phases. Subsequently, after careful mineral separation of white mica associated with the
sericitic alteration stage of the Far Southeast and El Salvador porphyry copper deposits,
isotopic compositions were found to be dominated by magmatic water, with small meteoric
water components in samples from the margin of the deposits (Hedenquist et al., 1998;
Watanabe and Hedenquist, 2001). A significant portion of copper precipitation in these two
porphyry deposits is associated with the sericitic stage (Hedenquist et al., 1998; Watanabe and
Hedenquist, 2001). On the other hand, it has been recognized that δ18O - δD-variations in
hydrothermal minerals may be due to isotope exchange of magmatic fluids with rocks at lower
temperature (Harris et al., 2005).
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Here we develop the numerical model of Weis et al. (2012) further by adding
formulations of oxygen isotope exchange and quartz precipitation/dissolution, similar to those
in Chapter 3, but adapted to the saline fluids present in porphyry copper-forming systems, and
considering feedbacks between pressure, temperature and permeability. We study the
relationships between meteoric water incursion, quartz precipitation/dissolution and copper
precipitation and demonstrate that interaction between fluid, vein quartz and host rock can
significantly modify their isotopic compositions. Such numerical simulation provides a
framework to help interpret oxygen isotope measurements of natural samples from complex
hydrothermal systems.
5.3 Methods
The governing equations for hydrothermal fluid flow are solved using a continuum
porous medium approach with a pressure-enthalpy-salinity-based formulation. We apply an
implementation of the Complex System Modeling Platform (CSMP++) to simulate heat
transfer and multiphase fluid flow of H2O-NaCl fluids with copper and SiO2 content (Weis et
al., 2014). Both fluid mass and energy conservation are solved using the Control Volume Finite
Element Method (CVFEM) described in detail by Weis et al. (2014). CVFEM is a modified
version of the combined finite element – finite volume (FE-FV) method (Geiger et al., 2006a)
and allows the consistent use of combinations of variables that are either defined as nodal
values at the center of a respective control volume (e.g., fluid properties), or at the element
(e.g., permeability).
Darcy velocities vi of mobile fluid phase i, which can be liquid, (l) or vapor, (v), were
obtained according to the two-phase formulation:

v i =−k

k r ,i

µi

( ∇p − ρ i g ) ,

i = l, v

(5.1)

with k as the bulk rock permeability, kr,i, μi and ρi as the relative permeability, the dynamic
viscosity, and the density, respectively, of fluid phase i. p denotes total fluid pressure and g is
the gravitational acceleration vector. A linear relative permeability model was applied with a
liquid residual saturation of 0.3(1 − S h ) and vapor residual saturation of 0.0 and kr,v + kr,l = 1Sh with the volumetric saturation Sh of the immobile, solid halite phase h (Weis et al., 2014).
The mass conservation equation is given by

∂ (φ ( S l ρ l + S v ρ v + S h ρ h ) )
∂t

= −∇ ⋅ ( v l ρl ) − ∇ ⋅ ( v v ρv ) + QH 2O + NaCl

(5.2)

where φ refers to the porosity, and QH 2O + NaCl is the source term of fluid mass. Conservation of
salt mass is described by
∂ (φ ( S l ρ l X l + S v ρ v X v + S h ρ h X h ) )
= −∇ ⋅ ( v l ρl X l ) − ∇ ⋅ ( v v ρv X v ) + QNaCl
∂t

(5.3)
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with the mass fraction of NaCl X , and a source term QNaCl . Energy conservation accounts for
heat conduction through a rock matrix of constant thermal conductivity, and for heat advection
by the fluid as

∂ ( (1 − φ ) ρ r hr + φ ( Sl ρl hl + Sv ρv hv + S h ρ h hh ) )
∂t

= ∇ ⋅ ( K ∇T ) − ∇ ⋅ ( v l ρl hl ) − ∇ ⋅ ( v v ρv hv ) + Qe
(5.4)

where subscript r denotes the rock, and hi refers to the specific enthalpy of the phase indicated.
T and K refer to temperature and thermal conductivity, respectively, and Qe is the heat source
term. Thermal equilibrium between fluid and rock is ensured by an iterative procedure, which
varies temperature at constant pressure and redistributes the total enthalpy between rock and
fluid based on their thermodynamic properties until they reach the same temperature.
The rate of magmatic fluid expulsion from the magma chamber is proportional to, and
computed from, the crystallization rate of the magma (Weis, 2015). The highest rate of
magmatic fluid injection corresponds with the largest (i.e. outermost) cooling surface area of
the three-dimensional magma body in the early phases of the simulation. Copper-bearing
magmatic fluids with an initial bulk salinity of 10 wt% NaCl are released through the cupola
zone, and transported toward the surface, in permeability-overpressure waves. This dynamic
permeability behavior is the result of combining depth-, temperature-, and pressure-dependent
permeability behaviors in a critically stressed crust, as parameterized in Weis (2015). The
advecting hot magmatic fluid that ascends heats rock overlying the magma chamber to
temperatures nominally above the brittle to ductile transition temperature; however, the
elevated fluid pressures and resulting high strain rates can lead to periods of embrittlement,
causing hydraulic fracturing. The latter is mapped with the continuum modeling approach as
elevated permeability values compared to the depth-dependent permeability profile, allowing
magmatic fluids to escape from the hot and low permeability rock regime toward shallower
depths.
The magmatic fluids are injected in a single-phase state and upon ascend these fluids
phase-separate into a low-salinity, low-density vapor and a high-salinity, high-density brine
phase. The two fluid phase can physically separate allowing rapid ascend of the vapor phase
toward the surface (Weis, 2015). Copper mass is advected with the fluid phases with equal
distribution between liquid, l , vapor, v , or halite, h phases based on the copper mass
conservation equation
∂ (φ ( Sl ρl + Sv ρv + S h ρ h )CCu )
(5.5)
= −∇ ⋅ ( v l ρl CCu ) − ∇ ⋅ ( v v ρ v CCu ) + QCu
∂t
initial
QCu CCu
⋅ QH 2O + NaCl ; the
with the copper concentration in the fluid CCu and a source term =

initial copper concentration in the magmatic fluid exsolved from the crystalizing pluton is 500
ppm. Copper precipitation has been linked to a temperature decrease from 450°C to 350°C
(Crerar and Barnes, 1976; Hemley et al., 1992; Hezarkhani et al., 1999; Landtwing et al., 2005),
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therefore, copper precipitation is defined by the temperature evolution of the simulation (Weis,
initial
2015). Copper enrichment compared to the assumed initial copper concentration ( CCu
) of the
fluid exsolved from the crystalizing pluton, is called copper enrichment potential and within a
control volume ( V ) is calculated as

ψ Cu =

mCu

initial
Cu

C

⋅ Cwater ⋅ ρ rock ⋅ V

(5.6)

where variables are the mass of precipitated copper mCu , the water content of the melt that is
released as a fluid phase from the crystallizing pluton, Cwater , and the density of the rock, ρ rock
(Weis, 2015). The copper enrichment potential can be used for a rough estimate of the potential
ore grade in wt% as described by Weis (2015).
We use a two-dimensional modeling domain of 30 km width and 10 km height with the
same geometry as used in (Weis et al., 2012). A 10 km wide and 3 km high magma chamber
with a cupola is located in the middle of the domain with top at 5 km depth (Fig. 5.1) and an
initial 900°C temperature. Though models are two-dimensional, fluid accumulation from the
third dimension is taken into account, assuming the magma chamber extends into the third
dimension by half the width perpendicular to the modeling section (Weis, 2015).
Mass conservation of oxygen isotopes and SiO2 content of the fluid are discussed in
Chapter 3. Dissolved SiO2 content of the saline fluid is transported with both liquid and vapor,
which can physically separate from each other under two-phase conditions. Therefore, the
equilibrium SiO2 content of each fluid phase is calculated based on the equation provided by
Akinfiev and Diamond (2009)
log mSiO2 = A(T ) + B(T ) ⋅ log

18.0152
+ 2 log xH 2O
VH*2O

(5.7)

where A(T ) and B (T ) are polynomials for pure water given by Manning (1994), and VH*2O
[cm3 mol-1] and xH 2O are the effective partial molar volume and the mole fraction of H2O in
the fluid, respectively to account for the effect of salinity. Quartz precipitation or dissolution
are determined by fluid flowing along a solubility gradient and by local changes in temperature,
pressure or salinity. Quartz precipitation and dissolution rates are calculated at each node based
on the difference between the actual SiO2 content of the fluid and the bulk solubility of the
fluid, assuming that the dissolved SiO2 contents always represent equilibrium concentrations
of SiO2 in the fluid phases. If the previously precipitated vein and/or host rock of a given
volume of the mesh is entirely dissolved, the fluids can potentially become silica
undersaturated. At two-phase conditions, both phases are assumed to have the same degree of
undersaturation.
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Accumulation of mass of precipitated quartz per pore volume is monitored and
converted to cumulative quartz addition ( γ cum ) in mass %, and within a control volume of the
modeling mesh is calculated as

=
γ cum

mcum

mcum + ρ rock ⋅ (1 − φ )

⋅100

(5.8)

with the cumulative mass of precipitated quartz, mcum , and the mass of host rock, ρ rock ⋅ (1 − φ )
present in the control volume. These simulations do not explicitly compute volume gains due
to fracturing events, while Weis et al. (2012) provides proxy for vein densities based on
physical calculation from accumulated permeability. The changes of porosity and permeability
by quartz precipitation and dissolution are also neglected, i.e., there is no explicit feedback
between mineral precipitation and fluid pressure that might govern the degree of quartz
accumulation. Rather, the cumulative quartz addition as defined above is a hypothetical value
that reflects the physico-chemical conditions for quartz precipitation.
In Chapter 3, we discussed isotope fractionation equations between host rock,
precipitated quartz, and pure water phases, without salt content. In the present study, isotope
fractionation between liquid and vapor in saline fluid is calculated as (Driesner, 2017)
1000 ln α L −V

with

 106 106
= a0  2 − 2
T
Tcrit , wt



 106 106
a
+
 1  2 − 2
Tcrit , wt

T





2

(5.9)

a0 0.542608 + 0.531748e −0.0348305⋅CNaCl
=
a1 0.0199892 − 0.0113107e −0.0612038⋅CNaCl
=

and Tcrit,wt being the temperature [K] at which the NaCl concentration on the critical curve is
that of the liquid of interest, CNaCl being mass percent NaCl in the liquid phase.
Rock (quartz) properties are kept constant and uniform with a porosity of φ = 0.05, a
thermal conductivity of K = 2 W m-1 °C-1, a heat capacity of c pr = 880 J kg-1 °C-1, and a rock
density of ρ r = 2700 kg m-3. To account for the latent heat of crystallization, the magma
chamber starts with a doubled heat capacity at temperatures above the solidus, and is reduced
to the same value as the host rock during cooling. The pore volume of the host rock is initially
saturated with pure meteoric water under hydrostatic pressure, and a thermal gradient of 22.5
°C km-1 is maintained by a bottom heat flux of 45 mW m-2. Isotope composition of the pore
18 dom
fluid and quartz presented in the domain are initialized as δ 18O dom
fluid = 0‰ and δ Oquartz = 6‰

respectively. Initial composition of the exsolved fluid and quartz in the magma chamber, and
the subsequent fluid released from the magma, are δ 18O magm
fluid = 7.5‰ , representing magmatic
isotope values. Earth surface temperature at the top boundary is set at 10°C, which is considered
as an open top allowing any fluid outflow at atmospheric pressure and inflow of salt, and silica77
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free liquid water of 10°C and 0‰ (Fig. 5.1). The left, right, and bottom boundaries are no-flow
boundaries.

Fig. 5.1: Geometry of the two-dimensional simulation domain and initial isotopic compositions of the fluids and
host rock. In this simplification, we assume that during the crystallization of the pluton, magmatic fluids
accumulate at the highest point of the intrusion and are expelled into the overlying host rock. Meteoric water
initially fills the pore space of the host rock and forms a convection cell driven by the magmatic heat. The yellow
area shows a copper enrichment potential of 500 fold compared to the assumed initial metal content of the
magmatic fluid after the final 100 000 years of simulation time (Weis, 2014). The black rectangle shows the area
of Figures 5.2-5.7 and the small numbers, 1-3, mark the locations referred to in Figures 5.8-5.10.

5.4 Results
5.4.1 Distribution of magmatic and meteoric fluids
The predicted physical infiltration fronts of magmatic and meteoric fluids can be
investigated by using the fraction of input magmatic fluid and mixtures with meteoric water as
a passive tracer. Magmatic water fractions with a value of 1 and 0 stand for entirely magmatic
and meteoric sources of the H2O component of a fluid mixture, respectively (Fig. 5.2).
After 800 years, a gradual mixing – with a semi-circular shape – is visible between the
initial magmatic (red) and meteoric pore (blue) fluids (Fig. 5.2 A). The quasi-radial outward
propagating magmatic fluid occupies a wide area around and above the cupola, with diluted
magmatic fluid up to shallow depths of about 0.5 km. At 5000 years, a mixture of magmatic
and meteoric fluid reaches the surface in the plume center and displaces meteoric fluids while
at the sides, downward convection of meteoric fluid to a depth of about 2 km is more significant
(Fig. 5.2 B). At this time, a stable pressure-temperature front (i.e., hydraulic divide) develops
between the hot magmatic fluid-dominated plume and the cooler meteoric water-dominated
flow regime (Weis et al., 2012). Copper precipitation occurs at the hydraulic divide at about
1.5 km depth (Fig. 5.2 B; location 1, yellow line).
However, the cooling fluids during these early stages are a mixture of re-circulating
early magmatic fluids with meteoric fluids. After 30 000 years, both temperature and meteoric
fluid fronts retract to greater depths, and stabilize a narrow mixing front between the inner
magmatic and outer meteoric fluid flow regimes (Fig. 5.2 C). After 100 000 years, magmatic
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fluid supply wanes and meteoric water convection dominates in the system maintained by the
remaining heat of the pluton (Fig. 5.2 D).

Fig. 5.2: Physical infiltration of magmatic and meteoric fluids based on magmatic water fraction after (A) 800,
(B) 5000, (C) 30 000 and (D) 100 000 years, reflecting the passively traced H2O component of the fluid (the
fluid’s NaCl component is exclusively of magmatic origin in the simulations). Dashed line: thermal evolution,
yellow contour line: copper enrichment potential of 500 fold compared to the assumed initial metal content of the
magmatic fluid, arrows: flow direction.

5.4.2 Quartz and copper precipitation
In the early stage of the simulation (Fig. 5.3 A), the exsolved magmatic fluid mostly
flows along decreasing quartz solubility gradients. The majority of the quartz precipitates at
the cold downstream edge of the thermal front between temperatures of 500°C and 400°C.
Quartz dissolution occurs only in small patches inside the quartz precipitation region, close to
the outer rim of the crystallizing pluton and at the cupola. After 5000 years of simulation time,
quartz precipitation and dissolution waves are formed (Fig. 5.3 B). The largest amount of quartz
that precipitates or dissolves in the pulses has rates of 10-8 kg m-3 s-1 in the middle region of
the flow path. At shallow depths of <1 km, strong quartz precipitation is surrounded by areas
of equally strong dissolution. After the system reaches its maximum temperatures at around
5000 years, it cools, resulting in more quartz precipitation than dissolution, although with
moderate quartz precipitation rates. Strong dissolution sets in at ~1.5 km depth between
temperatures of ~200 – 400 °C as shown at 30 000 years in Figure 5.3 C. The near-surface
epithermal region is characterized by further quartz precipitation (Fig. 5.3 C and D). This
process continues until the magma chamber is fully crystallized, and after 100 000 years, the
upflow and quartz precipitation zones are restricted to the middle of the system.

79

Numerical simulation of vein quartz deposition, copper precipitation, and oxygen isotope evolution in
porphyry copper systems

Fig. 5.3: Hydrothermal quartz vein formation in porphyry copper systems. (A-D) Snapshots of quartz precipitation
and dissolution rates at (A) 800, (B) 5000, (C) 30 000 and (D) 100 000 years of simulation time. Dashed lines
show the thermal evolution of the system. (E-H) Temporal evolution of the resulting cumulative quartz addition
>0.1 wt%. The yellow solid contour line shows the copper enrichment potential of 500 fold compared to the
assumed initial metal content of the magmatic fluid.

Accumulation of the mass of precipitated quartz, as well as the possible loss of quartz
by dissolution, are monitored and presented as cumulative quartz addition in mass % in Figure
5.3 E-H. In the middle region of the flow path, cumulative quartz addition gradually increases
over time. The highest values (~5 wt%) reached after 100 000 years are below 3 km depth and
in the epithermal region at shallow depths. However, between depths of 1 – 1.5 km the
cumulative quartz addition does not exceed the value of 0.1 wt% indicating a region of effective
quartz dissolution over a long period (Fig. 5.3 F-G) followed by low degree of quartz
precipitation rates toward 100 000 years (Fig. 5.3 D and H).
Copper enrichment potential of 500 fold compared to the assumed initial metal content
of the input magmatic fluid after 5000 years occurs within areas of high degree of quartz
precipitation. The copper enrichment zone broadens and grows downward governed by then
decreasing temperatures in the simulation. The position of the actual copper precipitation is
determined by the upper limit of the copper precipitation temperature of 450 °C as shown in
Figure 5.3 B and C. In the marginal regions, copper precipitation is accompanied more
commonly by quartz dissolution than in the central zone, where only temporal or local
dissolution occurs during the main copper mineralization stage. Significant dissolution sets in
after the main copper precipitation event, close to the upper part of the copper enrichment
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contour (Fig. 5.3 C). Cumulative quartz addition in the main mineralized zone reaches a value
of about 2-3%.
5.4.3 Isotope evolution scenarios
The complexity of oxygen isotope exchange mechanisms between hydrothermal fluid,
host rock, and hydrothermal minerals precipitating from the fluid requires the investigation of
each isotope fractionation process in isolation. Therefore, the following sections present
(5.4.3.1) kinetic exchange between fluid and host rock without computing quartz precipitation
and dissolution, (5.4.3.2) isotope fractionation triggered by quartz precipitation or dissolution,
(5.4.3.3) effect of quartz precipitation/dissolution and subsequent isotope exchange between
fluid and accumulated (hydrothermal) quartz. Section 5.4.3.4 shows the combined effect of
these mechanisms in a sequence.
5.4.3.1 Kinetic exchange between fluid and host rock
We ran a set of simulations that examined kinetic oxygen isotope exchange between
fluid and host rock. To demonstrate the effect of this single process, we first computed a
simplified model without quartz precipitation and dissolution. Figure 5.4 presents the evolution
of the isotopic composition of fluid of three simulations with different isotopic compositions
of the injected fluid. Similar to our previous one- and two-dimensional simulations (Chapter 3
and 4), the initial isotopic composition of pore fluid in the domain is 0‰ but the injected fluid
isotopic compositions is 7.5‰ (Fig. 5.4 A and B), 0‰ (Fig. 5.4 C and D), or -10‰ (Fig. 5.4 E
and F). The isotopic composition of the surface-derived, downward-convecting fluid is set to
0‰. After 800 years, the darkest blue area shows isotope depletion of the fluid and an isotope
enrichment of the fluid is visible in the middle of the upflow zone at depths of 3-4 km, with
similar isotopic values of about 6-8‰ in each simulation (Fig. 5.4 A, C and E). Above the
cupola, at depths of ~4.5 km the fluid has the initial isotopic composition of the injected fluid.
Above the heavy fluid, there is a gradual change to more depleted values, depicting an isotope
exchange front. We refer to this front as the ‘leading edge’ of the kinetic isotope exchange
front. Between the enriched isotopic compositions and the initial value of the injected fluid
another isotope exchange front occurs. We refer to this front as the ‘trailing edge’ of the kinetic
isotope exchange front (Chapter 3 and 4). In Figure 5.4 A, the trailing edge is not as prominent
because of the similar isotopic composition of the enriched and injected fluids. After 5000
years, the trailing edge progresses to 3.5 km depth in the middle of the upflow zone. The
surface-derived meteoric water creates additional kinetic isotope exchange fronts toward the
enriched and depleted (dark blue) fluids. Comparing physical infiltration (advection) (Fig. 5.2)
and geochemical isotope exchange (Fig. 5.4) fronts indicates that the isotope exchange front is
decoupled from the propagation of the advection front, and that the thermal front has an
additional effect on the isotope evolution of the fluid.
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Fig. 5.4: Isotopic composition of fluid applying kinetic isotope exchange between fluid and host rock in
simulations with different initial compositions of the injected fluid with (A, B), δ180 = 7.5‰, (C, D) 0 ‰ and (E,
F) -10 ‰ after (A, C, E) 800 and (B, D, F) 8000 years. Solid white line (1) shows the position of the first kinetic
exchange process at the leading edge; heavy isotopic compositions show isotope enrichment at the thermal front
due to the second kinetic isotope exchange process (2). The progress of the trailing edge of the third kinetic
exchange process (3) is shown with additional contour lines close to the initial isotopic composition of the injected
fluid (C, D, E, F). Dashed line: thermal evolution.

5.4.3.2 Precipitation and dissolution of hydrothermal quartz
In this simulation, we apply the quartz precipitation/dissolution mechanism but we
neglect any further isotope exchange with host rock and vein quartz to provide an end-member
example for extremely small slow kinetic rates. However, the isotopic composition of the fluid
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can be changed by precipitation of new quartz, which happens in full isotope equilibrium with
the hydrothermal fluid, or by dissolution of vein (± host rock) quartz. In the description of
isotopic compositions of hydrothermal quartz, we distinguish between instantaneous “new
quartz’, representing the current growth zone, and accumulated “vein quartz’, representing the
accumulation of new quartz precipitated prior to the current time step. The isotopic
composition of new quartz represents isotopic equilibrium with the fluid and isotopic
composition of vein quartz is the average isotopic composition of the accumulated new quartz
(Chapter 3). By dissolving vein (± host rock) quartz, this isotopic signature is added to the
fluid, and the new average isotopic composition of the fluid is calculated based on the isotopic
composition and mass of dissolved vein (± host rock) quartz and fluid.
The isotopic composition of the hydrothermal fluid (Fig. 5.5 A-D) shows a similar
pattern to that of the magmatic fluid ratio (Fig. 5.2) except the local and/or temporal
enrichments in the isotopic composition of the fluid (pink patches inside the white area). The
isotopic composition of the new quartz shows an increase across the thermal front (Fig. 5.5 EH). The highest isotopic compositions of quartz precipitated from magmatic fluid are at the
cooler edge of the thermal front, with values of 14‰ (Fig. 5.5 E). Quartz precipitated in the
low-temperature meteoric water regime have much higher isotopic values of about 20‰ to
37‰ (Fig. 5.5 F-H). After 30 000 years, the isotopic composition of the precipitated quartz has
lower values on the sides of the narrow interface between magmatic and meteoric fluids, along
the 400°C isotherm (Fig. 5.5 G). After 100 000 years, the heated meteoric water precipitates
quartz in the middle of the upflow zone with values corresponding to the temperature
distribution of the system (Fig. 5.5 H).
The average isotopic composition of the vein quartz (Fig. 5.5 I-L) depends on the
amount and isotopic composition of the precipitated new quartz, and the rate of quartz
dissolution at a certain location over time. If isotopically heavy quartz precipitation dominates
over quartz dissolution, average isotopic composition of the accumulated hydrothermal vein is
slightly higher than the one of the new quartz at that location after a certain time of simulation.
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Fig. 5.5: Snapshots of the isotopic composition of the (A-D) hydrothermal fluid and (E-H) instantaneously
precipitated new quartz and (I-J) temporal evolution of the accumulated vein quartz, including possible loss due
to quartz dissolution (I-L) after 800, 5000, 30 000 and 100 000 years. Fluid and new quartz are in temperaturedependent isotopic equilibrium, but any further isotope exchange between fluid, vein quartz and host rock is
neglected in this simulation. Grey areas indicate negligible vein formation characterized by quartz precipitation
rates <10-11 kg m-3 s-1 (E-H) and cumulative quartz addition < 0.1% (I-L). Black circles in the color scale show
the initial isotopic composition of magmatic (MAG) and meteoric (MET) fluids.

5.4.3.3 Kinetic exchange between fluid and vein quartz
In this simulation, we applied quartz precipitation/dissolution mechanisms together
with kinetic isotope exchange between fluid and accumulated vein quartz to separately
investigate the effect of isotope exchange between fluid and accumulated vein quartz. The
isotopic composition of the fluid can be changed first by quartz precipitation/dissolution, which
is followed by the kinetic isotope exchange with the accumulated vein quartz. The fluid shows
a generally increased isotopic character compared to the previous cases where only kinetic
exchange with the host rock took place (Fig. 5.4) or kinetic exchange mechanisms were
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neglected (Fig. 5.6). After 800 years, the most enriched composition (10-12‰) is located
between 2 to 4 km depth. Below 4 km, toward the hot cupola zone, the isotopic composition
of the fluid has slightly lower values, between 6-8‰ (Fig. 5.6 A). After 5000 years, further
enrichment, up to 16‰ occurs in the middle of the magmatic fluid plume close to and along
the 400°C isotherm. The lighter isotopic character around the cupola stays stable over time and
is surrounded by more enriched values only on the sides, below temperatures of 600°C (Fig.
5.6 B).

Fig. 5.6: Isotopic composition of fluid applying kinetic isotope exchange between fluid and accumulated vein
quartz after (A) 800 and (B) 5000 years of simulation time. The initial composition of the injected fluid is δ180 =
7.5 ‰. Kinetic isotope exchange between fluid and host rock is neglected. Black circles in the color scale show
the initial isotopic composition of magmatic (MAG) and meteoric (MET) fluids.

5.4.3.4 Quartz precipitation and dissolution with kinetic exchange between fluid, vein
quartz and host rock
In the final simulation, both quartz precipitation/dissolution and kinetic isotope
exchange with host rock are considered simultaneously. In the order of computation for each
control volume and each simulation step, the following sequence of processes is considered:
(1) Fluid and host rock quartz undergo kinetic isotope exchange, (2 a) quartz precipitates in
isotopic equilibrium with the current isotopic composition of the fluid and the average isotopic
composition of vein quartz is calculated, or (2 b) fluid dissolves quartz from the vein (± host
rock) which alters the isotopic composition of the fluid and the average isotopic composition
of vein quartz is calculated. (3) Fluid and vein quartz (if it exists) undergo kinetic isotope
exchange.
After 800 years, the isotopic composition of the pore fluid attain negative values, as
light as -23‰, and show transient values at depths of 3.5 and 1.5 km, toward an isotopically
enriched fluid (Fig. 5.7 A; pink). Fluid compositions with values of 7.5‰ or greater occur at
depths intervals between 3.5 and 4.5 km. Below 4.5 km the fluid has slightly lower isotopic
compositions than the initial 7.5‰. At the fluid injection nodes of the cupola, the fluid become
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7.5‰ a few hundred years later and remains at this initial magmatic value nearly until the end
of the simulation (Fig. 5.7 B, C). After 5000 years, the enriched isotopic compositions occupy
a broad area in the middle of the upflow zone with constant values of about 7.5 – 9‰ and
remain in this position for a few ten thousands of years. Surface-derived meteoric fluids, with
decreased isotopic composition as depth increases, penetrate the system during this period. Ore
formation takes place during this period, and copper starts to precipitate from the isotopically
enriched fluid (Fig. 5.7 B) within the temperature interval of 450 and 350 °C. At 30 000 years,
the temperature front is at slightly greater depth and an isotopically lighter fluid, -2 to 6‰,
reaches the rim of the main copper precipitation zone (Fig. 5.7 C). The position of the deeper
isotopically enriched fluids remains at about the same depth for a long period, and shrinks only
after about 70 000 years, together with a large temperature decrease at this depth.
The isotopic composition of new quartz captures the isotopic evolution of the fluid and
shows heavy values also depending on the temperatures in the upflow zone (Fig. 5.7 E-H). In
Figure 5.7 E, just above the cupola, the isotopic composition of new quartz is less than 8‰
(white color) which agrees with the lower isotopic composition of the fluid existing at this
location. After 30 000 years, the lower values of new quartz in the meteoric water-dominated
environment marginal to the upflow zone imply the more depleted isotopic composition of the
downward convecting fluid (Fig 5.6. F-G). After 100 000 years, quartz precipitates only in the
middle of the upflow zone with decreasing isotopic composition at greater depth. The heaviest
quartz precipitates just below the surface, with elevated values up to 37‰ (Fig. 5.7 H).
We marked the copper enrichment potential of 500 fold compared to the assumed initial
metal content of the input magmatic fluid to show the isotopic compositions of the mineralizing
fluid and coeval quartz. At 5000 years, about the time when copper starts to precipitate, the
fluid has a composition greater than 8‰, and new quartz has an isotopic composition of about
12-14‰ in the copper precipitation zone. After 30 000 years, the isotopic composition of the
fluid decreases to -2 to 6‰ on the margins of the copper enrichment zone, where quartz is
mostly dissolved. In the middle of the upflow zone, the fluid still has an enriched isotopic
composition, and the contemporaneously precipitated quartz shows homogeneous values of
about δ18O =12-13 %.
The isotopic composition of new quartz has similar values to vein quartz (Fig. 5.7 I-L).
Typical average vein compositions in the copper enrichment zone after 5000 and 30 000 years
are 12-14‰, while after 100 000 years values of 10-12‰ occur in the lowest part of the copper
enrichment zone.
The isotopic composition of the host rock quartz to 3 km depth increase slightly, with
values of about 6.2-6.5‰ (Fig. 5.7 M, white area), lower at high temperatures close to the
cupola zone where values are less than 6‰ (Fig. 5.7 M, light blue). Host rock with elevated
values in the upflow zone is surrounded by lower isotopic compositions on the sides. The
highest values of quartz isotopic composition form in the low-temperature, meteoric waterdominated environment (Fig. 5.7 N-P).
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Fig. 5.7: Snapshots of isotopic composition of (A-D) hydrothermal fluids, (E-H) new quartz, (I-L) vein quartz,
and (M-P) host rock after 800, 5000, 30000 and 100000 years from a simulation of kinetic isotope exchange of
fluid with host rock and vein quartz, respectively. The isotopic composition of the new quartz represents the
isotopic composition of the latest precipitated quartz. The isotopic composition of the vein quartz is an average
composition of the accumulated precipitated quartz, including that possibly loss due to quartz dissolution. Grey
areas indicate negligible vein formation characterized by quartz precipitation rates <10-11 kg m-3 s-1 (E-H) and
cumulative quartz addition < 0.1% (I-L).
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5.5 Discussion
5.5.1 Origin of copper mineralizing fluids
Our simulation results suggest that the location within the evolving hydrothermal
system can control whether copper precipitates from a purely magmatic fluid or a fluid mixture.
At central locations, the physical extent of magmatic fluid and meteoric water, plus the quartz
precipitation/dissolution, indicates that copper starts to precipitate from entirely magmatic
fluids (Fig. 5.3 B-D and Fig. 5.2). At the rims of the upflow zone, a significant meteoric water
component is present at the time of the first copper precipitation or very shortly thereafter.
During early stages, the first cooling due to fluid mixing is partly the result of recirculation of magmatic fluids from the first expulsion phase, which also influences the
calculated magmatic water fractions. The availability of these re-circulated fluids is likely to
be dependent on the porosity of the domain, which we model with a constant value of 5%, and
is difficult to predict for natural systems.
5.5.2 Vein formation and copper precipitation
The transition between ductile and brittle behavior (Weis et al., 2012) results in intervals
of elevated fluid pressure, which accounts for the periods of intense quartz dissolution during
fluid ascent and quartz precipitation during periods of lower pressure. Dissolution leads to
increased silica content in the fluid, which has to be deposited according to subsequent
temperature and/or pressure decrease along the flow path unless the fluid passes through the
retrograde solubility field. Retrograde quartz solubility means an increase in silica solubility
with decreasing temperature at constant pressure (Fournier, 1985; Steele-MacInnis et al.,
2012).
Quartz dissolution at the edges of the upflow zone (Fig. 5.3 C) is related to incursion of
meteoric water into the ascending magmatic fluid. The initially silica-poor meteoric water
flows along a heating path, and the heated single-phase liquid dissolves quartz. Two-phase
fluid conditions can explain quartz precipitation in the middle of the upflow zone and in the
uppermost part of the epithermal region (Fig. 5.3 B-D) because the lower solubility of quartz
in vapor results in enhanced quartz precipitation from a boiling and cooling liquid, especially
with large mass proportion of the vapor phase.
In the porphyry environment, the computed cumulative quartz addition shows an
increase in the copper-enriched zone and an overall increase toward the deepest part of the
hydrothermal plume, close to the cupola. In the early stage of the simulation (Fig. 5.3 E-F), the
low cumulative quartz addition, ~0.1 %, can be linked to the early non-mineralized A-type vein
generation, which are usually deformed prior to and during the ductile-brittle transition events.
Over time, A-type veins still form in the deep and hot part of the system, resulting in an increase
in the cumulative quartz addition. In the copper-enriched zone cumulative quartz addition
increases to ~2 % and may be associated with mineralized A-type veins and additional vein
types, like A, B or C veins, as described at El Salvador (Gustafson and Hunt, 1975), Bingham
Canyon (Gruen et al., 2010; Redmond and Einaudi, 2010) or Batu Hijau porphyry copper
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deposit (Arif and Baker, 2004). The fact that the computed cumulative quartz addition shows
an overall downward increase after 100 000 years of simulation time seem to be consistent with
the observed vein density pattern in the Bingham Canyon deposit (Redmond et al., 2004; Gruen
et al., 2010).
Quartz dissolution prior to copper precipitation in the middle of the upflow zone can be
linked to periods of increased fluid pressure due to ductile rock behavior (Rusk and Reed, 2002;
Weis, 2015). This result matches with field observations of episodes of quartz dissolution
during which copper minerals were deposited, as were described from the Bingham Canyon
porphyry copper deposit (Redmond et al., 2004; Landtwing et al., 2005). Dissolution after, or
during ore precipitation, is attributed to meteoric water influx, as described from the Elatsite
porphyry deposit. Our simulation results, and previous thermodynamic modeling of quartz
solubility (Fekete et al., 2016) support meteoric water incursion as the cause for quartz
dissolution around the time of ore formation in these regions.
5.5.3 Isotope evolution
5.5.3.1. Variations due to quartz precipitation and dissolution
The isotopic composition of the hydrothermal fluid without applying kinetic isotope
exchange with host rock and vein quartz shows that it could be altered during quartz
precipitation/dissolution. Quartz precipitation results in a slight decrease in the isotopic
composition of the bulk fluid because heavy isotopes preferentially partition to the solid phase.
Dissolution of vein (± host rock) quartz shifts the isotopic composition of the fluid to heavier
values if the dissolved quartz is characterized by higher isotopic composition than the fluid,
and vice-versa. For instance, dissolution of isotopically heavier quartz than the isotopic
composition of the fluid can result in elevated isotopic value due to the addition of 18O to the
fluid. At 5000 and 30000 years, the enriched fluid compositions (pink patches inside the white
area) most likely reflect dissolution of previously precipitated heavy vein quartz (Fig. 5.5 B,
C).
5.5.3.2 Interplay of processes effecting isotopic compositions of fluid, vein quartz and host
rock
In our final simulation, an 18O-enriched fluid compared to the initial isotopic
composition of the original magmatic fluid occupies a broad and long-lived region (Fig. 5.7 B,
C). This enrichment lasts longer and is spatially more extensive because it appears to miss the
trailing edge of the isotope exchange front, which calls for additional mechanisms.
The isotopic composition of the new quartz and vein quartz can reach high values by
precipitating at the colder edge of the thermal front, as the simulation without kinetic isotope
exchange shows (Fig. 5.5 E-L), and/or from an enriched fluid. Consequently, if kinetic isotope
exchange takes place during non-isothermal fluid flow, the fluid precipitates heavy quartz at
and behind the thermal front, resulting in heavy isotopic compositions of vein quartz (Fig. 5.7
I-L). Close to the cupola, the lower isotopic compositions of new and vein quartz reflect the
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lighter isotopic composition of the fluid (Fig. 5.7 E, F, I, J) and the gradual increase from this
isotopically light zone toward shallower depths captures the movement of the thermal front and
the enriched fluid.
In this simulation, the injected magmatic fluid equilibrates with both the host rock and
hydrothermal vein quartz. Where vein quartz has deposited, the high-temperature kinetic
exchange with the 18O-rich vein quartz results in an enriched isotopic composition of the fluid,
especially at the thermal front due to the same mechanism discussed in the case of host rockfluid isotope exchange (Fig. 5.6). This process maintains an enriched fluid composition for a
few ten thousands of years and precipitates quartz with the heaviest 18O composition within the
magmatic-hydrothermal fluid plume (Fig. 5.7 F). Without this inferred re-equilibration
mechanism, the fluid would reach the isotopic composition of the injected magmatic fluid
much faster within about 5000 – 10 000 years depending on the distance from the fluid injection
point (Fig. 5.4). Consequently, copper precipitates from an isotopically heavy fluid within the
magmatic-hydrothermal fluid plume (Fig 5.4 C).
Decreased isotopic composition of fluid (<7.5‰), close to the cupola below 4 km depth
(Fig. 5.7 A-C), can be explained by high-temperature equilibration with host rock, which
initially has a δ18O value of 6‰ and does not change significantly during the 100 000 years of
simulation time (Fig. 5.7 M-P). Consequently, hydrothermal quartz deposited from this
depleted fluid has a lighter isotopic composition (Fig. 5.6 E, F, I, J), which can increase by later
lower-temperature quartz precipitation and re-equilibration processes (Fig. 5.6 G, K).
Convecting meteoric water in the shallow epithermal environment at relatively constant
temperatures of 100-150°C enriches the host rock in 18O isotopes (Fig 5.6 N-P). The fresh
meteoric water influx in this region provides heavy oxygen for the host rock, resulting in
extremely high isotopic values of the host rock, and depleted ones of the fluid (Fig. 5.7 B-D).
The high isotopic composition of new and vein quartz in the epithermal region is a result of
low-temperature precipitation from the surface derived meteoric fluid (Fig 5.6. F-H and J-L).
Meteoric water incursion and the decrease of magmatic fluid and heat in the system
lead to the retraction of the temperature front (Fig 5.2. C, D). With time, meteoric water reaches
greater depths and undergoes kinetic exchange with the host rock. The higher the temperature
of exchange, the lighter the isotopic composition of the rock becomes (Chapter 4).
Furthermore, the retreat of the thermal and corresponding isotope exchange fronts lag behind
the physical infiltration front (downward convection) of the meteoric water, which contributes
to the complex pattern of isotopic composition of the host rock, opposite to what was
demonstrated for the heating stage of the system. Consequently, during the waning period, the
retreat of the thermal front depletes the isotopic composition of fluid and host rock while fluid
with lighter isotopic composition flows from the cooler toward the hotter edge (toward greater
depth) of the thermal front. The most depleted isotopic composition of the host rock
corresponds to deep levels, which are reached by meteoric water convection and cooled from
higher temperatures to ~200°C (Fig. 5.7 P).
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5.5.4 Temporal evolution at different locations within the porphyry deposit
During the heating stage of hydrothermal activity, temperatures increase up to 400600°C at depths of ~2-3 km (Fig. 5.7B, C), depending on the location within the hydrothermal
system (Fig. 5.8-5.10 A). The first quartz precipitation events with modest quartz precipitation
rates (Fig. 5.8-5.10 B) are linked to the fast advance of the silica-rich magmatic fluid, which
reaches a location before attaining magmatic temperatures (Fig. 5.8-5.10 A, F). In the middle
of the upflow zone (at location 1 and 3; Fig. 5.1), at temperatures above ~350°C, transient high
fluid pressures due to the ductile behavior of the rock leads to short episodes of quartz
dissolution (Fig. 5.8 A, B and 10 A, C). Fluid-phase transitions (Fig. 5.8 D and 5.10 D) show
significant increase in halite saturation during fluid separation. More saline fluids have a higher
solubility of silica (Fournier, 1985). However, if a fluid separates to liquid and vapor, the lowsilica solubility of the vapor phase results in an excess of dissolved silica in the residual liquid
phase. Despite the increased salinity of the residual fluid, it cannot accommodate all the silica
in solution, leading to net quartz precipitation between 5 – 20 kyrs, and 30 – 50 kyrs at location
1 and 3, respectively (Fig. 5.8 B and 5.10 B). This process results in high cumulative quartz
addition at location 1 and 3 before meteoric water reaches these areas (Fig. 5.8 B, F and 5.10
B, F). In the waning stage, quartz precipitation/dissolution and hydrothermal vein formation
are controlled by the degree of meteoric water incursion, which is most effective at location 2
due to its peripheral position relative to the magmatic fluid plume, leading to complete vein
dissolution between ~20 and 60 kyrs (Fig. 5.9 B, C, F).
A minor amount of copper precipitates during the heating stage when copper-bearing
magmatic fluid passes the thermal front (i.e., from a hotter to a cooler environment) and the
temperature decreases to less than 450°C downstream (Fig. 5.10 C). Major copper precipitation
results from the temperature decrease, from 450°C to 350°C at each location. Depending on
location, copper and quartz can precipitate contemporaneously (Fig. 5.8 C), quartz dissolution
can accompany copper precipitation (Fig. 5.9 C), or a large amount of quartz can precipitate
prior to the main copper deposition event (Fig. 5.10 C). Copper precipitation during vein
dissolution could potentially lead to copper re-mobilization if factors, which favor copper
dissolution, correspond to the period of quartz dissolution. This could lead to copper transport
by the ascending hydrothermal fluid to shallower depths and the formation of shallow
epithermal deposits or redistribution of copper within the porphyry deposit.
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Fig. 5.8:. Temporal evolution of (A) temperature, pressure, (B) quartz precipitation/dissolution, (C) cumulative
quartz addition and copper enrichment potential, (D) fluid state, (E) isotopic compositions of solid phases, (F)
isotopic composition of fluid and physical infiltration of magmatic and meteoric fluid from a central location
within the modeled porphyry deposit (Fig. 5.1). The numbers in subplots E and F indicate stages of different
isotope exchange mechanisms (see text). Dashed grey lines in subplot F: initial isotopic compositions of magmatic
and meteoric fluids. Magmatic water fraction (F, black line) and saturation of fluid phases (D) show moving
averages over a 1000-year period (Appendix).
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Fig. 5.9:. Temporal evolution of (A) temperature, pressure, (B) quartz precipitation/dissolution, (C) cumulative
quartz addition and copper enrichment potential, (D) fluid state, (E) isotopic compositions of solid phases, (F)
isotopic composition of fluid and physical infiltration of magmatic and meteoric fluid from a copper enriched
location on the margin of the modeled porphyry deposit (Fig. 5.1). The numbers in subplots E and F indicate
stages of different isotope exchange mechanisms (see text). Dashed grey lines in subplot F: initial isotopic
compositions of magmatic and meteoric fluids. Magmatic water fraction (F) and saturation of fluid phases (D)
subplots show moving average over a 1000 year period (Appendix).
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Fig. 5.10: Temporal evolution of (A) temperature, pressure, (B) quartz precipitation/dissolution, (C) cumulative
quartz addition and copper enrichment potential, (D) fluid state, (E) isotopic compositions of solid phases, (F)
isotopic composition of fluid and physical infiltration of magmatic and meteoric fluid from a location of the
transition zone between copper enriched area and barren core of the modeled porphyry deposit. The numbers in
subplots E and F indicate stages of different isotope exchange mechanisms (see text). Dashed grey lines in subplot
F: initial isotopic compositions of magmatic and meteoric fluids. Magmatic water fraction (F) and saturation of
fluid phases (D) show moving average over a 1000-year period (Appendix).
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In the simulation, copper precipitation is triggered by a temperature decrease from 450
°C (Weis, 2015). Therefore, where peak temperatures do not exceed 450 °C at the end of the
heating stage (e.g. Location 1; Fig. 5.1), subsequent cooling precipitates both silica and copper
(Fig. 5.8 C). This results in the lack of massive vein quartz accumulation prior to ore formation
in the ore zone and yields a discrepancy with well-constrained field and petrographic
observations of significant amount of pre-ore hydrothermal quartz (Redmond et al., 2004;
Landtwing et al., 2010; Zwyer, 2010).
In E and F of Figure 5.8, 5.9 and 5.10 we mark five stages of the isotopic evolution of
fluid, host rock, new and vein quartz. Stages 1 and 2 correspond to the two isotope exchange
processes occurring at the leading edge of the kinetic exchange front. Stage 3 stands for the
isotope exchange at the trailing edge of the kinetic exchange front, stage 4 marks possible
equilibration process with the hydrothermal vein. High-temperature isotope re-equilibration is
the most effective where cumulative quartz addition are the highest, and the isotopically heavy
vein quartz is able to maintain the enriched isotopic composition of the fluid. Stage 5 is linked
to isotope change corresponding to meteoric water incursion.
In the beginning of the simulation, the isotopic values of pore fluid becomes negative
while approaching isotopic equilibrium with the host rock. The isotopic composition is first
altered by the leading edge of the isotope exchange front (Stage 1) which is linked to the time
when the injected magmatic fluid reaches the given location (F of Fig. 5.8, 5.9, 5.10). The
second exchange (Stage 2) occurs at the thermal front and the isotopic composition of the fluid
is enriched in heavy isotopes and reaches its maximum values. The enrichment has to be
understood in terms of the composition that the pore fluid attains after the first kinetic exchange
(Stage 1). The higher the peak temperature, the more enriched the isotopic composition of the
fluid at the thermal front. For instance, at location 3, the isotopic composition of the fluid is the
most enriched and show higher values than the one of the injected magmatic fluid (Fig. 5.10
F). In contrast, the peak temperature is the lowest at location 2, although the magmatic water
fraction (Fig. 5.10 F) indicates that the fluid is magmatic in origin; its isotopic composition is
less than 5‰ at the thermal front. Kinetic exchange at the trailing edge (Stage 3) quickly
follows the enrichment at the thermal front (Fig. 5.4) but it is hidden either by high-temperature
re-equilibration (Stage 4) of the fluid with heavy vein quartz (Fig. 5.8 E and 5.9 E) or by kinetic
exchange triggered by meteoric water incursion (Stage 5) (Fig. 5.9 F).
The isotopic composition of the fluid decreases where meteoric water is a convection
component (Fig. 5.8-5.10 F) but there is no linear relationship between magmatic water fraction
and the decreased isotopic composition of the fluid. Furthermore, isotope exchange
mechanisms with hydrothermal vein quartz can obscure the effect of meteoric water incursion,
as happens at location 1 and 3 (Fig. 5.8 F and 5.9 F).
To calculate the amount of meteoric water added to the magmatic fluid using isotopic
composition of natural samples, the interpretation of measured isotopic compositions should
include information about the probability and grade of kinetic exchange mechanisms by which
the isotopic composition of the fluid could be modified. The much depleted isotopic
compositions during the first ~2500 years (Fig. 5.8-5.10 F) of simulation time, as low as -23‰
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at relatively cool temperatures, appear unrealistic for natural systems. Although they are
computed correctly, they are probably artefacts resulting from the kinetic rate laws used for the
long timescales considered in the simulations (Chapter 4). However, these values provide the
base and the initial isotopic composition of the fluid prior to the sequential kinetic exchange
mechanisms (Stages 1-3). The injected fluid physically mixes with the isotopically depleted
pore fluid and triggers the first isotope exchange mechanism (Stage 1) at the leading edge of
the kinetic exchange front (e.g. Fig. 5.4. A, C, E). The isotope enrichment at the thermal front
(Stage 2) strongly depends on the isotopic composition of the fluid ahead of the thermal front
(Chapter 3). Therefore, the isotopic composition attained by the pore fluid in the cool pore
space prior to interactions with injected fluid seems to be a crucial parameter for the intricate
isotope exchange processes. The most important result, considering isotope evolution in the
modeled porphyry copper deposit, is not the absolute isotopic composition of fluid and quartz,
but rather the trends and relative changes in the isotopic composition of fluid in the course of
the different isotope exchange mechanisms.
5.5.5 Relation to field observations
Each end-member location of the simulation has quartz precipitation/dissolution and
copper mineralization features which has been described from porphyry copper deposits. The
magmatic water fraction at location 1 supports the theory that copper precipitation starts from
magmatic fluid close to the magmatic-meteoric interface (e.g. Eastoe, 1978), while location 2
shows that meteoric water incursion can take place at or very close to the time of copper
precipitation (e.g. Hedenquist et al., 1998) . Strong quartz dissolution at location 2 is triggered
by meteoric water incursion and explains dissolution patterns, potentially accounting for
missing time intervals in growth zones of hydrothermal quartz from the Elatsite porphyry
copper deposit (Stefanova et al., 2014; Fekete et al., 2016). Location 3 indicates that if
temperatures are sufficiently high, hydrothermal quartz can precipitate at high temperature
prior to the main copper precipitation event, as has described at Bingham Canyon and Elatsite
porphyry deposit based on cathodo-luminescence petrography of the quartz veins (e.g.
Redmond et al., 2004; Landtwing et al., 2010; Stefanova et al., 2014).
The modeled cumulative quartz addition that predicts an increase with depth appear to
agree with field observations at Bingham Canyon (Gruen et al., 2010; Redmond and Einaudi,
2010) (Fig. 5.3 H). The modeled high copper enrichment potential and cumulative quartz
addition in the ore zone supports the positive correlation between vein density and copper-gold
grade in the Bajo de la Alumbrera porphyry deposits (Ulrich and Heinrich, 2002; Proffett,
2003) .
In addition, absolute cumulative quartz addition may also vary with the geologic
situation. Placing a volcano over the top of the simulation domain would change the main flow
directions (Weis, 2014), resulting in different end-member locations for the quartz
precipitation/dissolution mechanism. Size of magma chamber, duration of process and
different injection rates may also influence the thermal evolution of the porphyry copper system
and the quartz precipitation/dissolution rates.
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Location 1 and 3 at shallower and deeper levels in the upflow plume show that the
isotopic composition of fluid can attain higher values at the thermal front than the isotopic
compositions of the input magmatic or any fluid added to the hydrothermal system from
external sources. The enriched isotopic composition can be maintained for a lengthy period,
leading to quartz precipitation from the enriched fluid. This process provides a possible
explanation for the heavy oxygen isotope data of fluid reported by Tanner et al. (2013) from
several porphyry copper systems. Near-constant isotopic composition of hydrothermal quartz
from the pre-mineralized and copper-enriched zone of the Bingham Canyon deposit (Fekete et
al., 2016) can reflect high-temperature re-equilibration of vein quartz and the ore fluid. The
best fit of the Bingham sample from the central part of the ore zone (Fekete et al., 2016) may
be a combination of location 1 and 3. At location 3, quartz precipitation occurs prior to copper
precipitation; similar to the Bingham sample, but the calculated copper enrichment potential is
low. At location 1, copper enrichment potential is high but quartz and copper precipitation are
contemporaneous because of the low peak temperature (~450 °C), which is the start of the
favorable temperature interval for copper precipitation (Fig. 5.8 and 5.10 A, C). Predicted
quartz precipitation/dissolution and isotope evolution patterns from the peripheral locations of
the hydrothermal fluid plume, as recorded by the Elatsite sample, match location 2; however
the early, high-temperature (~600 °C) quartz generation did not form in the simulation due to
the low peak temperature (~380 °C) (Fig. 5.9 A, C). Quartz dissolution features in the Bingham
sample occurred between early high-temperature, non-mineralized (Q1) and the late copperbearing (Q2) quartz generations (Landtwing et al., 2005); this feature is missing in the
simulation predictions. A possible explanation might be that the hydrothermal fluid in the
Bingham porphyry system entered the retrograde quartz solubility field prior to later
precipitating quartz. However, temperature-pressure conditions of the simulation during
copper precipitation do not yield retrograde silica solubility due to significant pressure
oscillations (Fig. 5.A4).
5.6 Conclusions
Numerical simulations of multiphase flow of saline, silica-bearing fluids in porphyry copper
systems reveal several controls on quartz precipitation/dissolution and oxygen isotope
evolution of hydrothermal quartz as well as fluid:
• The location in the magmatic fluid plume determines the proportion of magmatic fluid
and meteoric water, and therefore copper can precipitate from pure magmatic fluid, or
after its mixing with meteoric water
• Quartz precipitation is enhanced by temperature-pressure decreases and vapor
saturation of the hydrothermal fluid within the magmatic fluid plume.
• Meteoric water incursion results in significant quartz dissolution at or close to the time
of copper deposition, depending on the location.
• Quartz precipitation/dissolution events can alter the isotopic composition of the fluid
by adding 18O isotopes to or removing them from the fluid.
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Initial isotopic compositions of host rock, pore and injected fluids drive isotope
exchange mechanisms defined by temperature-dependent isotope fractionation and
kinetic rates.
The classical kinetic isotope exchange front is interrupted by the transient thermal
evolution of the hydrothermal system, resulting in sequential kinetic exchange
processes ahead of, at, and behind the thermal front.
18
O-rich heavy quartz can precipitate and accumulate at the thermal front, leading to
kinetic isotope exchange with the hydrothermal fluid.
High-temperature re-equilibration with the hydrothermal quartz vein can affect the
isotope evolution of the fluid, and can obscure later exchange mechanisms triggered by
new magmatic fluid batches or meteoric water incursion.
Uniform and apparently magmatic isotopic values of hydrothermal quartz and fluid
most likely reflect the long-lived enrichment of the fluid in heavy 18O isotopes at the
thermal front, and later by high temperature re-equilibration process depending on the
amount of accumulated hydrothermal vein quartz.
Numerical simulations are powerful tools to reveal hidden isotope exchange
mechanisms in transiently evolving hydrothermal systems. They provide testable
predictions of various isotopic records of quartz from different locations within the
porphyry deposit, which could in turn to be used to better constrain the hydrology of
porphyry copper systems for future exploration.

5.7 Appendix
Figures 5.A1, 5.A2 and 5.A3 show the evolution of the magmatic water fraction and
fluid phase saturations for the model output interval of 100 years at the three selected locations.
Since the modeling time step is much shorter, these values only reflect snapshots of the
dynamic system. To better reflect the general trend of fluid evolution, we calculate the moving
average over a 1000-year period (averaged over 11 consecutive output values).
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Fig. 5.A1: Temporal evolution of the magmatic water fraction and the saturation of halite, vapor and liquid at
location 1. Gray line: model resolution of 100 years, red line: moving average over a 1000-year period.
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Fig. 5.A2: Temporal evolution of the magmatic water fraction and the saturation of halite, vapor and liquid at
location 2. Gray line: model resolution of 100 years, red line: moving average over a 1000-year period.
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Fig. 5.A3: Temporal evolution of the magmatic water fraction and the saturation of halite, vapor and liquid at
location 3. Gray line: model resolution at 100 years, red line: moving average over a 1000-year period.
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Fig. 5. A4: Possible correlation
between quartz generations
observed in the Bingham sample
(Fekete et al. 2016) and modeled
quartz precipitation at location 3.
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Thesis conclusion and outlook

6.1 Overall conclusions from this project
The aim of this project was to better constrain the involvement of meteoric water
incursion during porphyry copper ore formation and decipher its role in copper sulfide
precipitation. The project aimed to determine if convective cooling alone triggers and controls
ore precipitation in porphyry copper systems, or whether mixing of magmatic fluid and
meteoric water plays an essential role in copper precipitation. To achieve this, a study of stable
isotopes and quartz precipitation/dissolution behaviors was conducted. Cathodo-luminescence
imaging followed by high-resolution, in-situ oxygen isotope analyses of natural samples from
hydrothermal copper-mineralized quartz veins were used in combination with numerical
modeling of quartz precipitation/dissolution mechanisms and oxygen isotope fractionation
during multiphase fluid flow in porphyry copper systems.
The results of in-situ, high-resolution oxygen isotope measurements of hydrothermal
quartz samples from the well-characterized Yankee Lode tin deposit (Mole Granite, Australia;
refs) confirmed previous interpretations (refs) that the main tin deposition event took place
during meteoric water incursion and mixing with metalliferous magmatic brine. Our results
validated the capability of the new in-situ, high-resolution δ18O analysis to trace meteoric water
incursion. We then applied this method to hydrothermal quartz samples from two porphyry
copper deposits, the giant Bingham Canyon deposits, USA, and the intermediate-size Elatsite
deposit, Bulgaria.
The oxygen isotope signatures of hydrothermal fluid responsible for the latest quartz
precipitation event in the mineralized hydrothermal vein from the Elatsite deposit show that
meteoric fluids were present after the main copper precipitation event in the hydrothermal vein.
Similar isotopic compositions of quartz from the mineralized zone and that precipitated before
copper deposition and the slightly lighter isotopic compositions of the mineralizing fluid
suggest that meteoric water influx in the Elatsite deposit may have accompanied copper
precipitation, but the evidence is not clear. Furthermore, a large gap in quartz precipitation
between the copper mineralized and later quartz generations inhibits analysis of hydrothermal
fluid evolution between the preserved quartz zones. This period without quartz precipitation,
recorded by the quartz textures, is closely associated with the period of chalcopyrite deposition,
and results in this gap in the observable isotopic record of fluid evolution.
As a further constraint, we applied a thermodynamic model of quartz solubility in saline
two-phase fluid systems (Akinfiev and Diamond, 2009) and reconstructed the evolution path
of the hydrothermal fluid at the sampling location for the Elatsite deposit in terms of pressure
– temperature - salinity (Driesner and Heinrich, 2007). The observed period of quartz
dissolution rather than quartz precipitation between preserved quartz generations is consistent
with the indication by isotopic composition of the fluid that the ore-depositing fluid contained
a component of heated meteoric water.
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This indication can be understood in the context of the Elatsite sample, which comes from a
peripheral position of the magmatic fluid plume, where advection and mixing with surfacederived water is predicted to be the significant (Weis et al., 2012).
The calculated isotopic composition of hydrothermal quartz and fluid from Bingham
Canyon follows a similar trend as in Elatsite, although the late, meteoric water-related quartz
generation at Elatsite is not present in the investigated sample from Bingham Canyon. The
wide range of precipitation temperature result in large variations in the isotopic composition of
the fluid, complicating interpretation of the results. Furthermore, the near-constant isotopic
composition of hydrothermal quartz itself could alternatively be explained by high-temperature
re-equilibration between hydrothermal fluid and previously precipitated quartz.
The numerical simulation scheme of porphyry copper ore formation (Weis, 2015) was
further developed by adding new functionalities to study quartz precipitation and dissolution
as well as the evolution of oxygen isotopic composition of hydrothermal fluid during oreformation (Chapter 3, 4 and 5). New code modules were designed based on published
relationships of quartz solubility (Akinfiev and Diamond, 2009), temperature-dependent
isotope fractionation (Fekete et al., 2016, and references therein; Driesner, 2017), and kinetic
isotope exchange (Cole et al., 1983; Bowman et al., 1994). Prior to their application in the
complex porphyry copper environment, they were first benchmarked with well-recognized
analytical models of isothermal isotope transport and tested with non-isothermal simple one(Chapter 3) and two-dimensional (Chapter 4) simulations.
The novelty of the simplified one-dimensional models is that isotope exchange not only
considers fluid injection but also heat transport and the transient thermal evolution of the onedimensional simulation domain. Simulations with full isotope equilibrium exchange indicated
a significant enrichment in the isotopic composition of fluid and quartz at the thermal front. By
performing a set of numerical simulations with different isotopic composition of the injected
fluid, it was shown that maximum enrichment at the thermal front is independent of the isotopic
composition of the incoming fluid. However, the maximum enrichment depends on the initial
isotopic composition of fluid and rock in the domain, the fluid-rock ratio, and the maximum
change in temperature. The unexpected excursions from monotonous isotope variation, caused
by fluid flow across a temperature gradient, were confirmed with an analytical solution
presented in Chapter 3. Simulations with kinetic isotope exchange followed the same principles
of isotope enrichment at the thermal front, but the maximum potential isotopic composition of
the fluid at the thermal front is additionally influenced by the isotopic composition of the
injected fluid. This is due to the fast kinetic isotope exchange mechanism ahead of the thermal
front.
The application of more realistic two-dimensional geometries in Chapter 4 provides
insight to the spatial evolution of isotopic compositions of hydrothermal fluids and host rocks.
An elevated heat flux at the bottom boundary of the domain triggers a temperature increase and
forces the ambient fluid into self-organized convection cells. Kinetic isotope fractionation
between pore fluid and host rock result in temporarily enriched isotopic compositions of fluids
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and rocks at the thermal front, which are later erased by fluid circulation and isotope exchange
processes under near-steady state thermal conditions. A simulation, in which high-temperature
magmatic fluids are injected into the simulation domain from below, show three sequential
isotope exchange mechanisms, namely kinetic isotope exchange (1) ahead of, (2) at, and (3)
behind the thermal front.
Numerical simulations modeling the complex porphyry environment in Chapter 5
included feedbacks between fluid flow and variations in rock strength and permeability (Weis
et al., 2012; Weis, 2015). Results revealed key mechanisms influencing quartz
precipitation/dissolution and isotope evolution of hydrothermal fluid and quartz during
hydrothermal ore formation. Copper precipitated along a retracting hydrological divide, i.e.,
increasing depth, between magmatic and meteoric flow regimes when temperature cooled
below 450°C (Hezarkhani et al., 1999; Landtwing et al., 2005). The physical extent of
magmatic and surface-derived fluids shows that the origin of the copper-precipitating fluids
could be entirely magmatic, or could already be a mixture of magmatic and meteoric fluids,
depending on the location within the hydrothermal fluid plume. Whether quartz precipitated or
dissolved at a given location and time depends on the difference between the actual and
equilibrium silica content of the fluid. The latter is defined by temperature-pressure-salinity
conditions of the hydrothermal fluid. An increase in temperature, pressure, or salinity favors
quartz dissolution, while increase in vapor saturation (vapor fraction) has the opposite effect
and results in quartz precipitation (Akinfiev and Diamond, 2009; Steele-MacInnis et al., 2012).
Incursion of meteoric water can trigger strong quartz dissolution due to the heating by the wall
rock of the meteoric liquid component in the fluid mixture. The isotopic compositions of host
rock, hydrothermal quartz, and fluid are altered by a chain of isotope exchange processes
resulting in isotopically heavy hydrothermal fluids and quartz at and/or behind the thermal
front.
Each of these key processes in the numerical simulation can be confirmed with observations
in natural samples. Intense quartz dissolution attributed to incursion and heating of meteoric
water around the time of copper precipitation is identified isotopically in the Elatsite sample
(Chapter 2), which represents a peripheral position of the magmatic-hydrothermal fluid plume.
This agrees with the model prediction of strong meteoric water influx at this location.
The physical extent of magmatic and meteoric fluids show that in the central zone of the
hydrothermal plume, copper precipitation starts from entirely magmatic fluids, as suggested by
the prevailing theories of copper precipitation (Gustafson and Hunt, 1975; Sillitoe, 2010;
Richards, 2011).
The uniform isotopic compositions from both porphyry copper deposits are most likely
caused by re-equilibration between fluid and previously precipitated quartz veins, located
further upstream along the fluid flow path. Hydrothermal quartz with unexpectedly heavy
isotopic compositions described from several/some porphyry copper systems (Tanner et al.,
2013) may reflect enrichment of the isotopic composition of the fluid at the thermal front.
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6.2 Outlook
These first numerical simulations that combine oxygen isotope evolution, including
temperature-dependent fractionation and isotopic exchange kinetics, with quartz precipitation
in porphyry copper systems during ore deposition have several implications. The initial
meteoric water composition, which depends on geographic conditions, can be varied to achieve
more representative results for a given porphyry copper deposit.
However, the description of kinetic rates of isotope exchange are subject to more
fundamental uncertainty. The widely applied temperature-dependent kinetic isotope exchange
rate was defined under laboratory conditions (Cole et al., 1983), but its validity in natural
processes need to be carefully examined and requires modification for describing deposit-scale
kinetic exchange processes, notably at low temperatures where the present models produce
effects that cannot be observed in natural samples.
Different model geometries (e.g. magma chamber depth and shape and surface
topography) and variations in the initial, background crustal permeability will change the
physical hydrology and the flow paths of meteoric water from the surface (Weis, 2015).
Modeling such variations will help to identify the impact of these factors on quartz
precipitation/dissolution and oxygen isotope fractionation. Different thermal evolution
scenarios and starting temperatures (e.g., regarding assumptions about the rates of heat and
fluid release from the magma chamber) will likely have a visible effect on the degree of isotope
enrichment at the thermal front, and consequently on the isotopic composition of hydrothermal
fluid and quartz during the simulation.
Further simulations with additional intrinsic variables, notably fO2, fS2, pH and aCl- and
aFe2+ will add to the understanding of copper solubility as a function of pressure, temperature
and fluid phase state. This will allow a thermodynamically valid prediction of copper ore
deposition and associated alteration mineralogy including potential re-mobilization of copper
implied by our simple model.
As a continuation of field and analytical work, future research should investigate
mineralized hydrothermal quartz veins through a horizontal section of a chosen porphyry stock,
focusing on quartz precipitation/dissolution features. High-resolution, in-situ oxygen isotope
analysis will be useful to test potential transient processes predicted by the presented numerical
simulations. Eventually, analyses of O and H isotopic compositions of hydroxyl-bearing
minerals (biotite, muscovite) will provide further insight on the interaction of magmatic fluid
with meteoric water in the hydrothermal system.
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raw data)
7.1 Indium mounts
Indium mounts are used for already polished fragments of minerals or thin sections,
which cannot be embedded in epoxy.
A standard-size aluminum sample holder (25 mm) with a well in the middle (12 mm)
and small (~2 mm) holes at the bottom should be filled with indium metal. The holder should
be transferred to the hot plate, which is set at ~180°C (melting point of Indium is 156.6 °C), to
melt the indium. After the indium is molten it should be allowed to cool. First, a flat surface of
the indium should be created by pushing the indium in the well using the hydraulic press.
Excess of indium can leave the holder through the holes at the bottom of the holder. Then,
previously polished unknown and standard materials have to be pushed into the indium (Fig.
7.1). More details on indium mounts can be found on the websites of University Lausanne and
University of Edinburgh:
http://swisssims.com/sample-preparation/
http://www.ed.ac.uk/files/imports/fileManager/IndiumMountPrep.pdf

Fig. 7.1: Indium mounting technique. (A) Melting of indium into a well of the Al-holder (B) Hydraulic press (C)
Pushing the sample with the polished cylinders of the hydraulic press into the indium (D) Indium mount with the
polished sample and standard (Photos were taken in the SwissSIMS Laboratory Lausanne)
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7.2 Raw data of oxygen isotope measurements of quartz
Results of oxygen isotope measurements of quartz are presented together with the
measurement error (also called internal error), based on the standard error of the mean over the
16 cycles of a single analysis, and with the measurement reproducibility (also called external
error) in Tables 7.1 – 7.3.
Figures 7.2, 7.6, and 7.12 show the analyzed chips from Elatsite, Bingham Canyon, and
Yankee Lode deposits, respectively. Figures 7.3 – 7.5, 7.7 – 7.11, and 7.13 – 7.14 show the
measured spots of the chips on CL images. Based on the ID number of the measurements each
analyzed spot can be found on the CL images, and based on the spot name each measurements
can be found in the original electronic database (provided by the SwissSIMS Laboratory)
attached to the PhD thesis.
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Table 7.1 Results of oxygen isotope analyses from Elatsite
Quartz
gen.

Q1a

ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Spot name
d18O_021014_UN0016_Q1b@1
d18O_021014_UN0016_Q1b@02
d18O_021014_UN0016_Q1b@03
d18O_021014_UN0016_Q1b@04
d18O_021014_UN0016_Q1b@05
d18O_021014_UN0016_Q1b@06
d18O_021014_UN0016_Q1b@07
d18O_021014_UN0016_Q1b@08
d18O_021014_UN0016_Q1a@1
d18O_021014_UN0016_Q1a@2
d18O_021014_UN0016_Q1a@3
d18O_021014_UN0016_Q1a@4
d18O_021014_UN0016_Q1a@5
d18O_021014_UN0016_Q1a@6
d18O_021014_UN0016_Q1a@7
d18O_021014_UN0016_Q1a@8
d18O_021014_UN0016_Q2c@1
d18O_021014_UN0016_Q2c@2
d18O_021014_UN0016_Q2c@3
d18O_021014_UN0016_Q2c@4
d18O_Q2c_Elatsite_131114@13
d18O_Q2c_Elatsite_131114@14

δ18OQuartz
8.70
8.96
8.97
8.77
8.66
9.12
8.88
8.81
9.08
8.79
9.15
9.11
8.90
9.13
9.31
9.07
9.15
9.08
9.04
8.79
9.27
8.88

External error
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.47
0.47
0.47
0.47
0.35
0.35

Internal error
0.16
0.21
0.19
0.16
0.11
0.16
0.19
0.19
0.17
0.15
0.19
0.15
0.25
0.17
0.11
0.25
0.16
0.15
0.17
0.18
0.13
0.17

23

d18O_Q1a_Elatsite_131114@15

9.20

0.35

0.19

δ18OQuartz EPSL plot (av.)1

8.9

8.90

9

9.1

9.00

9.10
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Quartz
gen.

Q1b

Q2a

δ18OQuartz
8.69
8.77
8.53
8.57
8.98
8.97
8.82
8.10
8.62
8.63

External error
0.24
0.24
0.24
0.24
0.47
0.47
0.47
0.35
0.35
0.30

Internal error
0.14
0.11
0.19
0.20
0.21
0.19
0.12
0.13
0.18
0.28

d18O_230415_elatsite_q2c@10
d18O_021014_UN016_Q2a@1
d18O_021014_UN016_Q2a@2
d18O_021014_UN016_Q2a@3
d18O_021014_UN016_Q2a@4
d18O_021014_UN016_Q2a@5
d18O_021014_UN016_Q2a@6
d18O_021014_UN016_Q2a@7
d18O_021014_UN016_Q2a@8
d18O_Q2_Elatsite_131114@1
d18O_Q2_Elatsite_131114@2
d18O_Q2_Elatsite_131114@3
d18O_Q2_Elatsite_131114@4
d18O_Q2_Elatsite_131114@5
d18O_Q2_Elatsite_131114@6

8.62
8.72
8.97
8.92
8.92
9.13
8.72
8.90
9.01
9.19
9.09
9.23
8.79
8.84
9.25

0.30
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.35
0.35
0.35
0.35
0.35
0.35

0.19
0.17
0.14
0.17
0.14
0.15
0.14
0.14
0.17
0.19
0.21
0.21
0.23
0.19
0.11

d18O_Q2_Elatsite_131114@7

9.53

0.35

0.16

ID
24
25
26
27
28
29
30
31
32
33

Spot name
d18O_021014_UN0016_Q1b@09
d18O_021014_UN0016_Q1b@10
d18O_021014_UN0016_Q1b@11
d18O_021014_UN0016_Q1b@12
d18O_021014_UN0016_Q2c@5
d18O_021014_UN0016_Q2c@6
d18O_021014_UN0016_Q2c@7
d18O_Q1a_Elatsite_131114@8
d18O_Q1b_Elatsite_131114@16
d18O_230415_elatsite_q2c@09

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

δ18OQuartz EPSL plot (av.)

8.6

8.9
no2
8.6
8.6
8.6

no
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Quartz
gen.

Q2b

ID
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

Spot name
d18O_021014_UN0016_Q3@1
d18O_021014_UN0016_Q3@2
d18O_021014_UN0016_Q3@3
d18O_021014_UN0016_Q3@4
d18O_021014_UN0016_Q3@5
d18O_021014_UN0016_Q3@6
d18O_021014_UN0016_Q3@7
d18O_021014_UN0016_Q3@8
d18O_021014_UN0016_Q2b@1
d18O_021014_UN0016_Q2b@2
d18O_021014_UN0016_Q2b@3
d18O_021014_UN0016_Q2b@4
d18O_021014_UN0016_Q2b@5
d18O_021014_UN0016_Q2b@6
d18O_021014_UN0016_Q2b@7
d18O_021014_UN0016_Q2b@8
d18O_021014_UN0016_Q2c@8
d18O_Q2b_Elatsite_131114@5
d18O_Q2b_Elatsite_131114@6
d18O_Q2b_Elatsite_131114@7
d18O_Q2b_Elatsite_131114@9
d18O_Q2b_Elatsite_131114@10
d18O_Q2b_Elatsite_131114@11
d18O_Q2b_Elatsite_131114@12
d18O_230415_elatsite_q2c@14

δ18OQuartz
8.89
8.84
8.84
8.75
8.90
9.04
9.13
9.22
8.88
8.59
8.66
8.62
8.76
8.96
8.90
8.57
9.02
8.22
8.26
8.60
9.09
8.74
8.59
9.03
8.65

External error
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.47
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.30

Internal error
0.24
0.16
0.16
0.20
0.18
0.18
0.13
0.23
0.16
0.19
0.17
0.16
0.12
0.16
0.17
0.23
0.16
0.19
0.14
0.19
0.19
0.20
0.11
0.26
0.25

75

d18O_230415_elatsite_q2c@15

8.59

0.30

0.13

δ18OQuartz EPSL plot (av.)

8.8

9.1

8.9
8.6

8.9
8.7
9
8.2
8.3
8.6
9
8.7
8.6
8.9 (wrong)
8.7
8.6
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Quartz
gen.

Q2c

Q3

ID
76
77
78
79
80
81

Spot name
d18O_230415_elatsite_q2c@1
d18O_230415_elatsite_q2c@02
d18O_230415_elatsite_q2c@03
d18O_230415_elatsite_q2c@04
d18O_230415_elatsite_q2c@05
d18O_230415_elatsite_q2c@06

δ18OQuartz
9.68
9.44
9.31
9.24
9.25
9.11

External error
0.30
0.30
0.30
0.30
0.30
0.30

Internal error
0.26
0.17
0.17
0.14
0.22
0.22

82
83
84
85
86

d18O_230415_elatsite_q2c@07
d18O_Q3_Elatsite_131114@1
d18O_Q3_Elatsite_131114@24
d18O_Q3_Elatsite_131114@2
d18O_Q3_Elatsite_131114@3

8.91
19.18
20.01
16.84
16.43

0.30
0.35
0.35
0.35
0.35

0.19
0.19
0.17
0.19
0.20

87

d18O_Q3_Elatsite_131114@4

15.38

0.35

0.13

δ18OQuartz EPSL plot (av.)
9.7
9.4
9.3
9.2
9.3
no
no
19.2
20
16.8
16.4
15.4

1 18
δ O

Quartz EPSL plot (av.): Values presented on Figure 2.1. If analyzed spots were very close to each other, an average value was defined and used.
Figures 7.3 – 7.4 show all the measured values.

2

no: Not presented on Figure 2.1.
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Fig. 7.2: Polarizing microscopy and CL images of the analyzed chips from Elatsite. Fig. 2.1 shows the small
chips but results of the big chip are also used for Fig. 2.2.
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Fig. 7.3: Small chip of the analyzed Elatsite sample with results of the SIMS session conducted on 02-03. 10. 2014. Small rounded spots (white-grey) show the exact location
of the SIMS measurements.
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Fig. 7.4: Small chip of the analyzed Elatsite sample with results of the SIMS session conducted on 23. 04. 2015. Small rounded spots (white-grey) show the exact location of
the SIMS measurements.
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Fig. 7.5: Big chip of the analyzed Elatsite sample with results of the SIMS session conducted on 02-03. 10. and 13-14. 11. 2014. Small rounded spots (white-grey) show the
exact location of the SIMS measurements.
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Table 7.2 Results of oxygen isotope analyses from Bingham Canyon
Quartz
gen.

Q1a
(dark)

Int.
error

ID

Spot name

δ18OQuartz

Ext. error

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

d18O_Qz_Birgham2_131114@11
d18O_Qz_Birgham2_131114@12
d18O_Qz_Birgham2_131114@13
d18O_Qz_Birgham2_131114@14
d18O_Qz_Birgham2_131114@15
d18O_Qz_Birgham2_131114@16
d18O_Qz_Birgham2_131114@18
d18O_Qz_Birgham2_131114@53
d18O_Qz_Birgham1_141114@1
d18O_Qz_Birgham1_141114@03
d18O_Qz_Birgham1_141114@05
d18O_Qz_Birgham1_141114@07
d18O_Qz_Birgham1_141114@08
d18O_Qz_Birgham1_141114@09
d18O_Qz_Birgham1_141114@10
d18O_Qz_Birgham1_141114@11
d18O_Qz_Birgham1_141114@12
d18O_Qz_Birgham1_141114@25
d18O_Qz_Birgham1_141114@26
d18O_Qz_Birgham1_141114@31
d18O_Qz_Birgham1_141114@32
d18O_Qz_Birgham1_141114@33
d18O_Qz_Birgham1_141114@34
d18O_Qz_Birgham1_141114@35
d18O_Qz_Birgham1_141114@36
d18O_Qz_Birgham1_141114@37
d18O_Qz_Birgham1_141114@38
d18O_Qz_Birgham1_141114@39
d18O_Qz_Birgham1_141114@41
d18O_Qz_Birgham1_141114@57
d18O_Qz_Birgham1_141114@59
d18O_Qz_Birgham1_141114@63
d18O_Qz_Birgham1_141114@66
d18O_Qz_Birgham1_141114@67
d18O_Qz_Birgham1_141114@69

9.37
10.07
9.96
9.89
9.95
9.95
9.61
9.42
10.14
9.78
10.20
10.02
9.97
10.21
10.15
9.87
9.75
9.74
9.98
9.89
9.40
9.51
9.19
9.52
9.50
9.62
9.45
9.92
9.78
9.44
9.13
9.62
9.58
10.46
10.04

0.29
0.29
0.29
0.29
0.29
0.29
0.35
0.18
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.33
0.33
0.33
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.26
0.26
0.26
0.18
0.18
0.18

0.19
0.15
0.24
0.16
0.21
0.13
0.11

36

d18O_Qz_Birgham1_141114@70

9.30

0.18

0.13

0.26

0.21
0.21
0.30
0.16
0.14
0.22
0.13
0.17
0.16
0.24
0.18
0.24
0.27
0.28
0.20
0.15
0.18
0.20
0.27
0.21
0.27
0.24
0.21
0.19
0.22
0.19
0.26
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Quartz
gen.

Q1b
(bright)

Int.
error

ID

Spot name

δ18OQuartz

Ext. error

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

d18O_Qz_Birgham2_131114@9
d18O_Qz_Birgham2_131114@29
d18O_Qz_Birgham2_131114@30
d18O_Qz_Birgham2_131114@35
d18O_Qz_Birgham2_131114@37
d18O_Qz_Birgham2_131114@41
d18O_Qz_Birgham2_131114@42
d18O_Qz_Birgham2_131114@43
d18O_Qz_Birgham2_131114@44
d18O_Qz_Birgham2_131114@47
d18O_Qz_Birgham1_141114@02
d18O_Qz_Birgham1_141114@06
d18O_Qz_Birgham1_141114@13
d18O_Qz_Birgham1_141114@14
d18O_Qz_Birgham1_141114@15
d18O_Qz_Birgham1_141114@16
d18O_Qz_Birgham1_141114@17
d18O_Qz_Birgham1_141114@18
d18O_Qz_Birgham1_141114@19
d18O_Qz_Birgham1_141114@20
d18O_Qz_Birgham1_141114@21
d18O_Qz_Birgham1_141114@22
d18O_Qz_Birgham1_141114@23
d18O_Qz_Birgham1_141114@43
d18O_Qz_Birgham1_141114@44
d18O_Qz_Birgham1_141114@45
d18O_Qz_Birgham1_141114@46
d18O_Qz_Birgham1_141114@47
d18O_Qz_Birgham1_141114@48
d18O_Qz_Birgham1_141114@49
d18O_Qz_Birgham1_141114@50
d18O_Qz_Birgham1_141114@51
d18O_Qz_Birgham1_141114@52
d18O_Qz_Birgham1_141114@53
d18O_Qz_Birgham1_141114@54

9.91
10.21
10.34
10.56
10.31
10.06
9.96
10.12
10.35
10.47
9.93
8.76
10.09
10.30
9.77
9.66
9.75
9.68
9.63
9.49
9.65
10.02
9.93
10.16
9.17
9.93
10.08
9.69
9.33
9.33
8.67
9.35
9.26
8.88
8.92

0.29
0.35
0.35
0.35
0.35
0.18
0.18
0.18
0.18
0.18
0.34
0.34
0.34
0.34
0.34
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.49
0.49
0.49
0.49
0.26
0.26
0.26
0.26
0.26
0.26
0.26
0.26

0.12
0.18
0.15
0.13
0.20

72

d18O_Qz_Birgham1_141114@55

9.51

0.26

0.13

0.20
0.20
0.20
0.22
0.18

0.23
0.37
0.13
0.15
0.21
0.13
0.19
0.16
0.15
0.17
0.16
0.23
0.25
0.21
0.18
0.14
0.18
0.24
0.12
0.19
0.21
0.22
0.22
0.13
0.24
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Quartz
gen.

Q1b
(bright)

1

ID

Spot name

δ18OQuartz

Ext. error

Int.
error

73
74
75
76
77
78
79
80
81
82
83

d18O_Qz_Birgham1_141114@56
d18O_Qz_Birgham1_141114@58
d18O_Qz_Birgham1_141114@60
d18O_Qz_Birgham1_141114@61
d18O_Qz_Birgham1_141114@62
d18O_Qz_Birgham1_141114@64
d18O_Qz_Birgham1_141114@68
d18O_Qz_Birgham1_141114@72
d18O_230415_bingham1@38
d18O_230415_bingham1@39
d18O_230415_bingham1@40

9.08
9.66
9.69
9.33
9.43
9.99
10.17
10.11
9.12
9.98
9.86

0.26
0.26
0.26
0.26
0.26
0.18
0.18
0.18
0.23
0.23
0.23

0.14
0.15
0.15
0.20
0.17
0.12
0.24
0.24
0.20
0.26
0.17

84
85

d18O_230415_bingham1@42
d18O_230415_bingham2@16

9.88
9.55

0.23
0.22

0.19
0.26

86

d18O_230415_bingham2@17

10.10

0.22

0.27

(purple): presented on Fig. 2.1.
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Thesis Appendix: SIMS analyses (sample preparation and raw data)

Quartz
gen.

Q2a
(zoned)

Q2b
(interst.)

Ext. error

Int.
error

9.56
10.10
9.99
10.15
10.45
9.90
9.91
10.43
10.16
10.10
9.99
10.24
10.19
9.11
10.31
9.86

0.33
0.33
0.33
0.33
0.33
0.49
0.49
0.18
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17

0.18
0.20
0.23
0.26
0.20
0.26
0.15
0.23
0.18
0.17
0.19
0.14
0.18
0.19
0.20
0.20

d18O_230415_bingham1@28
d18O_230415_bingham2@1
d18O_230415_bingham2@02
d18O_230415_bingham2@03
d18O_230415_bingham2@04
d18O_230415_bingham2@05
d18O_230415_bingham2@06
d18O_230415_bingham2@07
d18O_230415_bingham2@08
d18O_230415_bingham2@09
d18O_230415_bingham2@10
d18O_230415_bingham2@11
d18O_230415_bingham2@12
d18O_230415_bingham2@13
d18O_230415_bingham2@18
d18O_230415_bingham1@10
d18O_230415_bingham1@11
d18O_230415_bingham1@12
d18O_230415_bingham1@17
d18O_230415_bingham1@18
d18O_230415_bingham1@19
d18O_230415_bingham1@22
d18O_230415_bingham1@24
d18O_230415_bingham1@25

10.10
10.46
10.44
10.15
10.02
9.95
10.51
10.09
10.79
10.12
10.23
10.13
10.24
10.48
10.79
9.94
10.51
9.97
10.18
9.93
10.06
10.20
9.93
10.31

0.23
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.17
0.17
0.17
0.17
0.17
0.17
0.23
0.23
0.23

0.15
0.16
0.26
0.22
0.22
0.16
0.14
0.19
0.28
0.26
0.25
0.21
0.27
0.32
0.27
0.17
0.22
0.23
0.25
0.17
0.19
0.30
0.15
0.19

d18O_230415_bingham1@41

10.25

0.23

0.17

ID

Spot name

87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

d18O_Qz_Birgham1_141114@24
d18O_Qz_Birgham1_141114@27
d18O_Qz_Birgham1_141114@28
d18O_Qz_Birgham1_141114@29
d18O_Qz_Birgham1_141114@30
d18O_Qz_Birgham1_141114@40
d18O_Qz_Birgham1_141114@42
d18O_Qz_Birgham1_141114@65
d18O_230415_bingham1@1
d18O_230415_bingham1@02
d18O_230415_bingham1@04
d18O_230415_bingham1@05
d18O_230415_bingham1@06
d18O_230415_bingham1@13
d18O_230415_bingham1@14
d18O_230415_bingham1@16

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

δ18OQuartz

120

Fig. 7.6: Polarizing microscopy image of the analyzed chips from Bingham Canyon. Fig. 2.1 shows Chip 1a but
results of chips 1b and 2 are also used for Fig. 2.2.
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Thesis Appendix: SIMS analyses (sample preparation and raw data)

Fig. 7.7: Chip 1a of the analyzed Bingham sample with results of the SIMS session conducted on 13-14. 11. 2014. Small rounded spots (white-grey) show the exact location of
the SIMS measurements.
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Fig. 7.8: Chip 1b of the analyzed Bingham sample with results of the SIMS session conducted on 13-14. 11. 2014. Small rounded spots (white-grey) show the exact location of
the SIMS measurements.
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Thesis Appendix: SIMS analyses (sample preparation and raw data)

Fig. 7.9: Chip 1a and 1b of the analyzed Bingham sample with results of the SIMS session conducted on 23-04.
2015. Small rounded spots (white-grey) show the exact location of the SIMS measurements.

124

Fig. 7.10: Chip 2 of the analyzed Bingham sample with results of the SIMS session conducted on 13-14. 11. 2014. Small rounded spots (white-grey) show the exact location of
the SIMS measurements.
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Thesis Appendix: SIMS analyses (sample preparation and raw data)

Fig. 7.11: Chip 2 of the analysed Bingham sample
with results of the SIMS session conducted on 23.
04. 2015. Small rounded spots (white-grey) show
the exact location of the SIMS measurements.
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Table 7.3 Results of oxygen isotope analyses from Yankee Lode

1

Quartz
gen.

ID

Spot name

δ18OQuartz

Q1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

d18O_021014_UN018_yank21-13_profile1@38
d18O_021014_UN018_yank21-13_profile1@41
d18O_021014_UN018_yank21-13_profile1@39
d18O_021014_UN018_yank21-13_profile1@37
d18O_021014_UN018_yank21-13_profile1@43
d18O_021014_UN018_yank21-13_profile1@40
d18O_021014_UN018_yank21-13_profile1@42
d18O_021014_UN018_yank21-13_profile1@36
d18O_021014_UN018_yank21-13_profile1@44
d18O_021014_UN018_yank21-13_profile1@35
d18O_021014_UN018_yank21-13_profile1@34
d18O_021014_UN018_yank21-13_profile1@45
d18O_021014_UN018_yank21-13_profile1@50
d18O_021014_UN018_yank21-13_profile1@46
d18O_021014_UN018_yank21-13_profile1@33
d18O_021014_UN018_yank21-13_profile1@47
d18O_021014_UN018_yank21-13_profile1@49
d18O_021014_UN018_yank21-13_profile1@48
d18O_021014_UN018_yank21-13_profile1@32

11.24
11.07
11.18
11.42
10.89
11.3
11.23
11.7
11.67
11.48
12.88
11.47
12.57
12.68
12.12
12.2
11.96
11.95
11.88

External Internal
Mineral
Chip
error
error
Introduced1
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.27
0.27
0.32
0.27
0.27
0.27
0.32

0.18
0.22
0.16
0.16
0.20
0.17
0.21
0.21
0.12
0.17
0.11
0.17
0.22
0.21
0.21
0.22
0.18
0.15
0.16

Quartz

13

Mineral Introduced: The first appearance of the mineral is linked to the corresponding quartz zone.
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Thesis Appendix: SIMS analyses (sample preparation and raw data)

Quartz
gen.

ID

Spot name

δ18OQuartz

Q2

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

d18O_021014_UN018_yank21-13_profile1@31
d18O_021014_UN018_yank21-13_profile1@51
d18O_021014_UN018_yank21-13_profile1@28
d18O_021014_UN018_yank21-13_profile1@27
d18O_021014_UN018_yank21-13_profile1@30
d18O_021014_UN018_yank21-13_profile1@26
d18O_021014_UN018_yank21-13_profile1@29
d18O_021014_UN018_yank21-13_profile1@25
d18O_021014_UN018_yank21-13_profile1@24
d18O_021014_UN018_yank21-13_profile1@23
d18O_021014_UN018_yank21-13_profile1@22
d18O_021014_UN018_yank21-13_profile1@19
d18O_021014_UN018_yank21-13_profile1@20
d18O_021014_UN018_yank21-13_profile1@21
d18O_021014_UN017_yank7_small_profile1@1
d18O_021014_UN017_yank7_small_profile1@02
d18O_021014_UN017_yank7_small_profile1@03
d18O_021014_UN017_yank7_small_profile1@04
d18O_021014_UN017_yank7_small_profile2@14
d18O_021014_UN017_yank7_small_profile2@11

11.66
11.94
11.42
11.62
12.42
12.32
11.55
11.8
11.8
11.68
11.65
11.64
12.03
11.62
12.4
12.01
12.62
12.53
12.13
12.15

External Internal
Chip
error
error
0.32
0.27
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34

0.11
0.19
0.20
0.18
0.17
0.16
0.15
0.13
0.16
0.19
0.11
0.18
0.20
0.18
0.13
0.21
0.26
0.16
0.18
0.19

Mineral
Introduced
Cassiterite(I)

13

7
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Quartz
gen.

ID

Spot name

δ18OQuartz

Q3a

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

d18O_021014_UN018_yank21-13_profile1@18
d18O_021014_UN018_yank21-13_profile1@17
d18O_021014_UN017_yank7_small_profile2@03
d18O_021014_UN017_yank7_small_profile2@10
d18O_021014_UN017_yank7_small_profile1@05
d18O_021014_UN017_yank7_small_profile2@1
d18O_021014_UN017_yank7_small_profile2@12
d18O_021014_UN017_yank7_small_profile1@06
d18O_021014_UN017_yank7_small_profile2@04
d18O_021014_UN017_yank7_small_profile2@07
d18O_021014_UN017_yank7_small_profile2@02
d18O_021014_UN017_yank7_small_profile2@09
d18O_021014_UN017_yank7_small_profile2@05
d18O_021014_UN017_yank7_small_profile2@06
d18O_021014_UN017_yank7_small_profile1@07
d18O_021014_UN017_yank7_small_profile2@08

11.48
12.12
12.3
11.92
11.9
11.83
11.98
11.85
11.49
11.63
10.46
10.81
10.95
10.64
10.68
10.49

External Internal
Chip
error
error
0.34
0.34
0.23
0.23
0.34
0.23
0.34
0.34
0.23
0.23
0.23
0.23
0.23
0.23
0.34
0.23

0.15
0.17
0.16
0.14
0.15
0.13
0.22
0.13
0.14
0.15
0.22
0.17
0.17
0.16
0.17
0.18

Mineral
Introduced

13

7
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Thesis Appendix: SIMS analyses (sample preparation and raw data)

Quartz
gen.

ID

Spot name

δ18OQuartz

Q3b

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

d18O_021014_UN017_yank7_small_profile1@08
d18O_021014_UN017_yank7_small_profile1@09
d18O_021014_UN017_yank7_small_profile1@10
d18O_021014_UN017_yank7_small_profile1@11
d18O_021014_UN017_yank7_small_profile1@12
d18O_021014_UN017_yank7_small_profile1@13
d18O_021014_UN017_yank7_small_profile1@16
d18O_021014_UN017_yank7_small_profile1@18
d18O_021014_UN017_yank7_small_profile1@17
d18O_021014_UN018_yank21-13_profile1@16
d18O_021014_UN018_yank21-13_profile1@15
d18O_021014_UN018_yank21-13_profile1@14
d18O_021014_UN018_yank21-13_profile1@13
d18O_021014_UN018_yank21-13_profile1@12
d18O_021014_UN017_yank7_big_profile1@1
d18O_021014_UN018_yank21-13_profile1@11
d18O_021014_UN017_yank7_big_profile1@03
d18O_021014_UN017_yank7_big_profile1@04

8.59
8.66
7.96
8.5
8.5
9.72
8.41
8.9
9.38
7.93
5.44
3.53
6.94
5.16
5.65
0.63
0.67
-0.41

External Internal
Chip
error
error
0.34
0.34
0.34
0.34
0.34
0.34
0.23
0.23
0.23
0.34
0.35
0.35
0.35
0.35
0.34
0.35
0.34
0.34

0.21
0.19
0.20
0.20
0.17
0.17
0.24
0.16
0.17
0.15
0.16
0.19
0.15
0.16
0.16
0.27
0.21
0.19

Mineral
Introduced
Tourmaline

7

13

7
13
7

130

Quartz
gen.

White
quartz

Q3b

ID

Spot name

δ18OQuartz

External
error

Internal
error

Chip

74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

d18O_021014_UN017_yank7_small_profile1@19
d18O_021014_UN017_yank7_small_profile1@14
d18O_021014_UN017_yank7_small_profile1@15
d18O_021014_UN017_yank7_big_profile2@2
d18O_021014_UN017_yank7_big_profile2@3
d18O_021014_UN017_yank7_big_profile2@4
d18O_021014_UN017_yank7_big_profile2@6
d18O_021014_UN017_yank7_big_profile2@7
d18O_021014_UN017_yank7_big_profile1@02
d18O_021014_UN017_yank7_big_profile1@05
d18O_021014_UN017_yank7_big_profile1@06
d18O_021014_UN017_yank7_big_profile1@07
d18O_021014_UN017_yank7_big_profile1@08
d18O_021014_UN017_yank7_big_profile1@09
d18O_021014_UN017_yank7_big_profile1@10
d18O_021014_UN017_yank7_big_profile2@8

11.27
11.42
12.78
11.6
12.02
11.11
10.68
11.23
9.98
11.63
7.52
10.15
9.04
9.14
4.3
1.19

0.23
0.34
0.23
0.46
0.46
0.46
0.46
0.46
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.46

0.19
0.21
0.16
0.19
0.17
0.20
0.13
0.22
0.20
0.18
0.21
0.15
0.19
0.21
0.18
0.18

7

Mineral
Introduced

131

Thesis Appendix: SIMS analyses (sample preparation and raw data)

Quartz
gen.

ID

Spot name

δ18OQuartz

External
error

Internal
error

Q4

90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

d18O_021014_UN018_yank21-13_profile1@10
d18O_021014_UN017_yank7_big_profile1@11
d18O_021014_UN017_yank7_big_profile2@1
d18O_021014_UN018_yank21-13_profile1@09
d18O_021014_UN018_yank21-13_profile1@08
d18O_021014_UN017_yank7_big_profile1@12
d18O_021014_UN017_yank7_big_profile2@5
d18O_021014_UN017_yank7_big_profile1@13
d18O_021014_UN017_yank7_big_profile1@14
d18O_021014_UN018_yank21-13_profile1@07
d18O_021014_UN018_yank21-13_profile1@06
d18O_021014_UN018_yank21-13_profile1@05
d18O_021014_UN018_yank21-13_profile1@04
d18O_021014_UN018_yank21-13_profile1@03
d18O_021014_UN018_yank21-13_profile1@02
d18O_021014_UN018_yank21-13_profile1@1
d18O_021014_UN017_yank7_big_profile1@15
d18O_021014_UN017_yank7_big_profile1@16
d18O_021014_UN017_yank7_big_profile1@17

-2.91
-3.78
-3.84
-4.47
-3.61
-3.35
-3.15
-0.08
-1.96
-1.46
-1.51
-4.12
-3.4
-4.45
-3.45
-4.38
-3.38
-4.6
-4.26

0.35
0.34
0.46
0.35
0.35
0.46
0.46
0.46
0.46
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.46
0.46
0.46

0.14
0.17
0.13
0.13
0.15
0.24
0.18
0.15
0.20
0.11
0.17
0.20
0.15
0.16
0.17
0.15
0.15
0.20
0.15

Chip

Mineral
Introduced

13

Chlorite

7
13

7

13

7
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Fig. 7.12: Polarizing microscopy image of the analyzed chips from Yankee Lode. Fig. 2.1 shows Chip 7 and
Chip 13.
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Thesis Appendix: SIMS analyses (sample preparation and raw data)

Fig. 7.13: Chip 13 of the analyzed Yankee Lode sample with results of the SIMS session conducted on 02-03. 10. 2014. Green spots show the exact location of the SIMS
measurements.
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Fig. 7.14: Chip 7 of the analyzed Yankee Lode sample with results of the SIMS session conducted on 02-03. 10. 2014. Green spots show the exact location of the SIMS
measurements.
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