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Abstract

Understanding the metal enrichment process and rate in porphyry Cu systems
(PCS) is critical to underpin the genetic model of PCS and refine the template for
exploration, of which robust temporal constrain is the key. In addition, fluid
evolution paths constrained by bulk analysis potentially suffer problems of
contamination. Based on detailed field geology and petrographic study, this PhD
thesis addresses the timescales and fluid evolution process of the world class Qulong
porphyry Cu-Mo deposit, Tibet, China, by applying high precision geochronology
and high spatial resolution isotope analysis.

A fluid inclusion study indicates that the bulk mineralization at Qulong was
deposited between 425 and 280 °C under hydrostatic pressure conditions. The depth
of formation of the Qulong porphyry Cu-Mo system is estimated at ~2.7 km, which
implies ~2.3 km of erosion has occurred since its formation. Zircon CA-ID-TIMS U-
Pb geochronology constrains the emplacement ages of the Rongmucuola pluton, the
P porphyry and quartz aplite to 17.142 + 0.014/0.014/0.023 (analytical/plus
tracer/plus decay constant uncertainty), 16.009 + 0.016/0.017/0.024 and 15.166 *
0.010/0.011/0.020 Ma, respectively. Molybdenite ID-NTIMS Re-Os geochronology
suggests that the bulk mineralization at Qulong was deposited through multiple
shorted lived pulses (~ tens of kyrs) between 16.126 + 0.008/0.060/0.077 and 15.860
+ 0.010/0.058/0.075 Ma, with a duration of 266 + 13 kyrs. Quartz SIMS oxygen
isotope analysis indicates a periodic interplay between meteoric and magmatic fluids
and continuing increase of meteoric water from ~10 to ~25 % volume percent during
the ore-forming process. As a result meteoric water is invoked as the main trigger for
metal deposition at Qulong.

The major conclusions of this study from Qulong are supported by numerical
modelling, titanium diffusion and high precision studies, and have implications for
understanding porphyry systems worldwide, for example, multiple and cyclic
magmatic-hydrothermal fluid pulses cooled by meteoric water are fundamental for

ore formation.
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Chapter 1 Introduction
1.1 Porphyry copper deposits
Porphyry Cu systems are magmatic-hydrothermal deposits in which sulfide
minerals precipitate from magmatic aqueous solutions at elevated temperatures
(typically 300-450 °C), and are characterized by large tonnages and relatively low

ore grades (Robb, 2009; Richards, 2011; Cooke et al., 2014). The deposit name is

draw from the porphyritic texture of dike- and plug-like intrusions commonly

associated spatially and genetically with mineralization (Seedorff et al., 2005). As

the world’s primary source of copper, molybdenum, rhenium with additional

significant contribution of gold (Sillitoe, 2010), they have fascinated economic

geologists and excited miners for over a century, but with deposits exposed at the
surface having been mostly discovered, it is now increasingly challenging to find

new discoveries (Richards, 2013; Wilkinson, 2013; Richards, 2016).

Globally, the majority of known porphyry copper deposits are genetically
related to intermediate to felsic calcalkaline magmas in volcano-plutonic arcs above
subduction zones, e.g., the Andes. However, recently, a considerable amount of
porphyry copper deposits are been described that formed in a post subduction or

collisional tectonic setting, e.g., the Gangdese porphyry copper belt (Seedorff et al.,

2005; Hou et al., 2009; Richards, 2009, 2013; Chiaradia et al., 2014; Richards, 2015).

Porphyry copper deposits are arguably the most studied deposit type, but

debate continues regarding the ore-forming process (Kouzmanov and Pokrovski,

2012; Chiaradia et al., 2014; Cooke et al., 2014), e.g., lifespan of mineralization,

prolonged mineralization duration or multiple short-lived cycles, fluid evolution
process and triggers for sulfide precipitation. These are the topics that this PhD will

explore.
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1.2 Gangdese porphyry copper belt and Qulong porphyry Cu-Mo deposit
In comparison to porphyry deposits hosted in subduction settings,
considerably fewer porphyry deposits are documented in collisional and post
subduction settings. The Gangdese porphyry copper belt is a newly discovered

metallogenic belt in a post subduction setting (Hou et al., 2009). The Gangdese

magmatic belt records prolonged magmatic events that are associated with the Neo-
Tethyan ocean northward subduction, initial India-Asia collision, Indian slab

breakoff and intracontinental convergence (Wang et al., 2015; Zhu et al., 2015). The

Oligo-Miocene intermediate-felsic igneous rocks in the Gangdese magmatic belt
show a sharp longitudinal distinction in the distribution of porphyry-type
mineralization with a boundary at ~89° E, with most discovered deposits being
associated with Miocene granitoid plutons in the east, while plutons in the western

part are mostly barren (Wang et al., 2015). The eastern part of the Gangdese

magmatic belt is termed as Gangdese porphyry copper belt (GPCB), which
contains >20 porphyry copper systems formed in a post-collisional (India-Asian)
setting, as represented by Qulong, Jiama, Lakang’e, Dabu, Tinggong, Zhunuo,

Chuibaizi, Bangpu, Nuri, Zhibula (Hou et al., 2009; Zheng et al., 2015). The Qulong

porphyry Cu-Mo deposit is the largest both in the belt and in China (Zheng et al.,

2004; Yang et al., 2009), and hosts 2200 million tonnes of ore comprising 0.5 % Cu

and 0.03 % Mo (Li et al., 2016). As a representative deposit in GPCB, and an

example in post-collisional setting, Qulong is selected to conduct this research.

1.3 Principles of high precision geochronology
High precision geochronology is integral to testing hypotheses regarding the

correlation, cause, and rates of events (Schmitz and Kuiper, 2013), and has been used
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in this study to investigate the metal enrichment process in PCS. As the foundation of
this study is built on high precision geochronology, the first principle of high
precision geochronology is illustrated by molybdenite Re-Os geochronology. For
isotope dilution based zircon U-Pb geochronology, the principles are the same as

molybdenite Re-Os geochronology, despite its unique dual decay system (Schoene

2014).

1.3.1 Decay equation and model age

All radiometric dating methods rely on the decay of a parent isotope to a

daughter isotope with a fixed half-life (Schoene, 2014; Stein, 2014). This basic

principle is illustrated here for Re-Os isotopic system as it is the only
geochronometer that can directly date the ore minerals (sulfides, e.g., molybdenite)
that this study focuses on:
1870)g oresent = 187053 initial +18’Re oresent (ext - 1) [1]

where 187Ospresent and 8" Represent represent the present mole concentration (moles) or
number of atoms of ¥’0Os and ’Re in a given sample (e.g., molybdenite),
respectively. The initial *¥’Os (**’Osinitiar) stands for the mole concentration (moles)
or number of ¥’Os atoms when isotopic system of the sample becomes closed.

Lambda (1) is the decay constant of *8’Re (Smoliar et al., 1996; Selby et al., 2007)

and t is the time in years since the isotopic system became closed until AD1950 (so-
called present). Obviously equation [1] is only valid when no disturbance of the
isotopic system occurred post-closure of the isotopic systematics.

In some mineral systems, as is commonly the case for molybdenite (Selby

and Creaser, 2001; Stein et al., 2001; Markey et al., 2003; Stein, 2014), the
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contribution of initial osmium for age calculation is negligible (*3’Osinitiai = 0). In this
case, the equation [1] is simplified to:

18705 present = 'Re present (€M - 1) [2]
The “age” can be solved by measuring the current moles of ¥’Os and ¥’Re in a
single sample. For equation [1], when the *¥’Osinitiai is not negligible, the moles of
187Osinitial Need to be determined by measuring initial Os concentration with assumed

initial osmium isotopic composition (Markey et al., 2003; Stein, 2014; Zimmerman

et al., 2014). Alternatively, the age can be solved through regression of a suite of co-

genetic samples, which is the so-called isochron method (Faure, 1977) and not

discussed here.

1.3.2 Isotope dilution

Isotope dilution is the most precise and accurate method for element
concentration measurement and is the ideal choice for high precision geochronology

(Vogl, 2013; Schoene, 2014; Stracke et al., 2014; Condon et al., 2015; McLean et al.,

2015). For isotope dilution analysis, initially a known quantity of an element having
one enriched isotope - the spike or tracer - is added to a known quantity of sample.
The concentration of the target element or isotope is determined by measuring the
isotopic composition of the mixture. Modern isotope dilution now typically uses a
spike with two enriched isotopes, the so-called double spike technique (Rudge et al.,

2009; Stracke et al., 2014). Isotope dilution can be applied to any element with two

or more isotopes (Stracke et al., 2014). Equation [4] and [5] illustrate the principle of

isotope dilution for Os isotopes determination.

187 n.mole 187 n.mole
Wsample * OSsample T Wspike * OSgpike
R= [4]

- 188 .mole . 188 .mole
Wsample * ossample + Wspike * Osspike
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190 H mole 190, mole
Q _ Wsample * Ossample + Wspike * Osspike [5]
- 188 mole 188 .mole

Wsample * Ossample + Wspike * Osspike

Where R and Q are the measured 8’0s/*®80s and °°0s/*®80s ratio of the mixture by
mass spectrometry, respectively. Wsample and Wipike refer to the weight of sample and
spike, respectively. 1""05;?1‘,’,11;,6 Jspike 1S the mole concentration of X*Os in the

sample or spike. For the spike, these concentrations and isotopic compositions are
known through calibration. Solving the three unknowns from equation [4] and [5] is
possible as the 1%°0s/*%0s value of the sample is known. A special case for this
approach is molybdenite, which contains negligible common Os, and only radiogenic
1870s. In this case, a solution bearing natural Os isotopic composition can be used as
spike, and equation [4] can be simplified and solved directly. As the spike is
calibrated against gravimetric reference solutions prepared by accurate weighting,
isotope dilution is a primary analytical method which has the potential to directly

trace back to Sl units through accurate weighting (Markey et al., 2003; Condon et al.,

2015; McLean et al., 2015). The target isotope’s concentration is determined from
the spike, thus its precision will never be better than that of the spike, which makes
spike calibration the most critical step for high precision measurements (Markey et

al., 2003; Schoene, 2014; Stein, 2014; Stracke et al., 2014; Condon et al., 2015). A

further benefit for isotopic dilution is when the sample and spike have achieved
complete isotopic composition homogenization, there is no requirement for 100 %
element recovery, this makes isotope dilution ideal for analysis which need element

separation and purification prior to analysis (Stracke et al., 2014; Condon et al.,

2015).
As well as the spike calibration, mass dependent fractionation during mass

spectrometry analysis also influences the data quality (Doucelance and Manhes, 2001,
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Markey et al., 2003). For elements which have more than 2 isotopes, mass dependent

fractionation can be best monitored by double spike technique or by using natural

occurring isotopes (Stracke et al., 2014). For samples which have only two isotopes,

depending on the analytical methods used, the fractionation can be corrected by total
evaporation, sample-standard bracketing or adding other isotopic composition known

elements (e.g. Ir and W for Re) (Suzuki et al., 2004; Vogl, 2013; Stein and Hannah,

2014). For high precision geochronology, thermal ionization mass spectrometry
(TIMS) remains the best choice for its ability to maintain ion beam stability for hours

of analysis as well as high ion transportation efficiency (Creaser et al., 1991; Vodl,

2013; Schoene, 2014).

1.3.3 Data quality evaluation

Data quality generally is evaluated by accuracy and precision. Precision is a
measurement of the reproducibility of analysis while accuracy is the closeness of

agreement between a measured value and the true value (Schoene et al., 2013;

Schoene, 2014). Accuracy and precision are independent of each other. It is ideal to

have data with both high precision and high accuracy, but this is difficult for natural
samples due to the complexity in geological history, as well as analytical challenges

(Schoene et al., 2013; Schoene, 2014).

Here we use uncertainties to characterise the dispersion of the quantity value
being attributed to the subject of a measurement that includes components arising
from both random and systematic measurement uncertainties. Random uncertainties
refer to those varying in an unpredictable manner in replicate measurement (e.g.,
sample weight, isotope ratio measured by mass spectrometry). Systematic

uncertainties are those remain constant or vary in predictable ways across replicate
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measurements (e.g., age uncertainty arising from decay constant uncertainty or spike

calibration) (Condon et al., 2015; McLean et al., 2015). As stated by Ludwig (2003a),

the uncertainty of measurements is as important as the data itself. Modern
geochronology reveals that no sample or mineral is identical homogenous (Bowring,

2006; Schoene et al., 2013), and the uncertainty will increasingly be dominated by

geological scatter with an increase in analytical precision.

As represented in U-Pb studies, rather than using a single analysis, many
analyses have been pooled together by applying statistical models. Weighted mean is
a widely used statistical model, which can significantly reduce the final uncertainty
through accounting for scatter caused by random analytical uncertainty. By
weighting each analysis according to the inverse square of its errors, a data set with
high sample numbers (n) will yield better precision. But this should be used with
great caution, as this approach is based on the assumptions that the data set
represents repeat measurements of the true value, which can not be tested in most

cases unless all the uncertainties are estimated correctly (Bowring, 2006; Schmitz

and Kuiper, 2013; Horstwood et al., 2016). Consequently reducing the uncertainty

from high n and low precision datasets takes the risk of having statistical robust, but

incorrect data (Schoene, 2014). Fortunately, the goodness of fit of the data set to the

statistical model can be evaluated by mean square of weighted deviates (MSWD) of

the weighted mean (Wendt and Carl, 1991). A MSWD>>1 suggests it is difficult to

fit the data to the statistical model, and this offset either arises from geological scatter

or underestimation of analytical uncertainties (Ludwig, 2003b). A MSWD<<1

indicates the data is easily fitted to the statistical model, this generally due to

overestimation of analytical uncertainties (Wendt and Carl, 1991; Kalsbeek, 1992;

Ludwig, 2003b; York et al., 2004; Schoene, 2014). The MSWD value should be
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close to unity when the geological scatter and analytical uncertainties are well
balanced, e.g., the measured parameters can be regarded as true values with current

analytical precision (Ludwig, 2003b; Horstwood et al., 2016). An argument

describing the acceptable distribution of MSWD values for a given number of a

dataset is given by Wendt and Carl (1991) and can be represented by the following

equation (Schoene, 2014):

omswo = (2/(N - 2))°°  [5]

As discussed by Wendt and Carl (1991), the acceptable MSWD value is a

function of n, and MSWD equal to 1 is not always the critical point for evaluating the
quality of small data set. In addition, MSWD values can not be used to assess
accuracy of the dataset or open system behaviour, especially for data sets with small

number or poor analysis (Kalsbeek, 1992; Wendt, 1992; Horstwood et al., 2016).

When data are compared, the uncertainties should be accounted for first. For
data using the same method in the same laboratory, under same conditions, the tracer
calibration and decay constant uncertainties can be ignored, as they are systematic
uncertainties. The same is true for standard reproducibility uncertainties (Chiaradia et

al., 2013; Schoene et al., 2013). In contrast, when data are collected from different

laboratories, using the same method, the tracer calibration uncertainty becomes
random uncertainty and needs to be evaluated. As long as the same radiometric
system is used, the decay constant uncertainty can be ignored, but needs to be
accounted for when comparing data across multiple radiometric systems (Kuiper et

al., 2008). The latter uncertainty currently controls the resolution when comparing

data between different radiometric geochronometers.
It is recommended all data and plots should always be presented with 2 sigma

(20) uncertainty to maximize the possibility that the true data point lies within the
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quoted uncertainties interval (Horstwood et al., 2016). In general, 2 sigma

uncertainty indicates that ~95.45 % of the data fall within this interval during
replicated measurements. This needs to be distinguished between the 95 % conf.

error reported by Isoplot (Ludwig, 2003b). In the default setting of Isoplot, when the

data fits the statistic model, as evaluated by the probability of fit, the 95 % conf. error
is calculated by multiplying the 1 sigma error by 2. However, when the dataset fails
to fit the statistic model, the 95 % conf. error in Isoplot is calculated by multiplying
the 1 sigma error with the square root of the MSWD value and the student’s-t value

for n-1 degree of freedom (Brooks et al., 1972).

1.4 Current understanding of porphyry ore-forming process and aims of this

study
1.4.1 Temporal constrains of mineralization process

The duration of porphyry Cu deposit formation is controversial, with studies
suggesting over a million years, with others arguing for much shorter timescales

(tens of thousands of years) (Chiaradia et al., 2014). For deposits with prolonged

duration of formation, multiple magmatic-mineralization pulses are essential as

demonstrated both by field observation (Sillitoe, 2010) and analytical approaches

(Stein, 2014; Zimmerman et al., 2014; Spencer et al., 2015). However, for deposits

with shorter lifetime, it is not clear yet whether they form throughout the lifetime or
during multiple intermittent pluses. Also questionable is the timescale of each
mineralization pulse, if multiple mineralization pulses are present. Additionally, the
dynamic magmatic-hydrothermal process may reset chronometers with low closure
temperatures and add uncertainties to thermochronology studies. The answers for

these questions will shape our understandings for metals enrichment processes, e.g.,
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are multiple mineralization pulses necessary to form giant deposits, or is a prolonged
mineralization duration essential for economic deposits? Based on veinlet
classification and fluid inclusion study of Chapter 2, these questions are explored in
Chapter 3, in which high precision Re-Os and U-Pb geochronology are used to refine
the timeframe of the world class Qulong porphyry Cu-Mo deposit. Chapter 4 further
investigates the fluid evolution under an absolute timeframe.

Chapter 2 constrains the fluid P-T-X conditions during ore formation at Qulong.
In order to assess fluid evolution paths, a detailed description of the geology,
alteration and mineralization at Qulong is presented. All the field investigations and
drill cores samples collection were conducted by the author, with help from Dr Rui
Wang from CSIRO, Australia, and Mr. Jia Chang from CUG, China. All sample
preparations were completed by the author. Laboratory work and data evaluation of
the fluid inclusion study were conducted by the author at the National University of
Ireland, Galway (NUIG). Zircon SIMS oxygen isotope and U-Pb analysis were
carried out by the author in Institute of Geology and Geophysics, Chinese Academy
of Sciences, Beijing (IGGCAS). The chapter was written by the author with Prof.
David Selby (supervisor at Durham), Prof. Martin Feely (supervisor at NUIG), Dr
Alex Costanzo (collaborator at NUIG), and Prof. Xian-Hua Li (supervisor at
IGGCAS) providing editorial comments and suggestions. A version of this chapter
has been published in Mineralium Deposita, co-authored by David Selby, Martin
Feely, Alext Costanzo and Xian-Hua Li.

Chapter 3 provides detailed high precision zircon U-Pb and molybdenite Re-Os
dates to constrain the timescales of Qulong porphyry system, which has been further
used to understand the ore-forming process and thermal history of Qulong. The

sample set used in this chapter is the same as that used in chapter 2. Sample

11
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preparation was conducted by the author. Zircon grains separation and CA-ID-TIMS
U-Pb geochronology was conducted by the author in NERC Isotope Geosciences
Laboratory (NIGL), British Geological Survey, UK, with help from Dr Daniel
Condon and Simon Tapster. Molybdenite separations and Re-Os geochronology was
undertaken by the author in Durham University under the supervision of Prof. David
Selby. The chapter is written by the author with editorial comments and suggestions
from Prof. David Selby (supervisor at Durham), Dr Daniel Condon (supervisor at
NIGL) and Dr Simon Tapster (collaborator at NIGL). A version of this chapter will
be submitted to Earth and Planetary Science Letters, with David Selby, Simon

Tapster and Daniel Condon as co-authors.

1.4.2 Sulfide precipitation mechanism

Formation of economic valuable porphyry deposits requires efficient
concentration of Cu-Mo-Au from metalliferous fluid in restricted space.
Depressurization, fluid mixing and unmixing, cooling and water-rock interaction
have been proposed as triggers for metal deposition, but the relative importance of
these different processes in generating economic ore bodies has been the subject of
much debate. The role of meteoric water is particularly controversial (Kouzmanov

and Pokrovski, 2012; Cooke et al., 2014).

Stable isotope ratio and fluid inclusions combined with numerical simulation
have been used to suggest progressive involvement of meteoric water during ore-
forming process, but such an external component is considered negligible in the early
stages of mineralization and has limited contribution to ore-formation (Stein and

Hannah, 1985; Cooke and McPhail, 2001; Watanabe and Hedenquist, 2001; Ulrich et

al., 2002; Rusk et al., 2008). Other studies, however, argue that meteoric water is an

12



Chapter 1 Introduction

essential component during the entire ore-forming process (Friedman et al., 1974;

Sun and Eadington, 1987; Hedenquist and Aoki, 1991; Sheets et al., 1996; Selby et

al., 2001; Weis et al., 2012).

Understanding the physical and chemical conditions of mineralization process in
porphyry deposits relies largely on H-O isotope and fluid inclusion data of gangue

minerals, commonly quartz (Cooke et al., 2014). A temporal relationship between

ore sulfides and gangue minerals used to measure fluid inclusion and isotope
geochemistry must be established unequivocally to provide a tight constraint on the

evolution of ore fluids (Harris and Golding, 2002; Redmond et al., 2004). However,

the complicated textures of silicate minerals clearly indicate multiple generations of
fluid evolution and add uncertainties to the information inferred from bulk analysis

(Allan and Yardley, 2007; Tanner et al., 2013; Vasyukova et al., 2013; Fekete et al.,

2016). Further, there is growing evidence suggesting that porphyry ore formation is
multi-pulsed, and results in overlapping or repetitions of veinlets as demonstrated

both by field investigations and analytical approaches (Sillitoe, 2010; Stein, 2014). In

this case, due to a lack of deposit-wide crosscutting relationship, traditional alteration
and veinlet chronology can not be correlated at the deposit-scale with confidence.
These uncertainties require the need to test fluid evolution through in-situ analysis
with absolute chronology.

Chapter 4 presents quartz SIMS oxygen isotope data, with formation
temperature and ages constrained by fluid inclusion and geochronology studies in
Chapter 2 and Chapter 3, respectively. The original approach used here permits
tracing the fluid evolution path under an absolute timeframe and evaluates the
triggers of sulfide precipitation. The samples used in this chapter are the same

sample set used in Chapter 2 and Chapter 3, with additional samples collected by the
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author. The sample preparation, SIMS quartz oxygen isotope analysis and data
evaluation was conducted by the author in IGGCAS. The chapter was written by the
author with editorial comments and suggestions from Prof. David Selby (supervisor
at Durham) and Prof. Xian-Hua Li (supervisor at IGGCAS). A version of this chapter
will be submitted to Geochimica et Cosmochimica Acta, co-authored by Xian-Hua
Li and David Selby.

Chapter 5 summarizes the research of this thesis and discusses potential
outlook for future studies to establish the temporal evolution of porphyry Cu systems

using high precision geochronology.
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Chapter 2 Nature of ore-forming fluid

2.1 Introduction
The majority of porphyry copper deposits are situated within magmatic
arcs and are genetically related to subduction processes, e.g., Central Chile

(Cooke et al. (2005), but porphyry copper deposits are also associated with post-

collisonal tectonic settings, e.g., the Gangdese Porphyry Copper Belt (GPCB),

China (Yang et al., 2009; Hou et al., 2015) and Papua New Guinea-Irian Jaya

(Cooke et al., 2005; Richards, 2013). In both subduction-related and post-

collisional tectonic settings, porphyry copper deposits share a genetic association
with magmatism and possess similar mineralization styles and alteration types

(Richards, 2009; Hou et al., 2015).

Metals in porphyry copper deposits are considered to be deposited through
the dynamic evolution of a magmatic-hydrothermal fluid that undergoes
depressurization, cooling, chemical reactions with wall rocks (mainly the ore-

hosting granite), and mixing with non-magmatic fluids (Seedorff et al., 2005;

Richards, 2011; Cooke et al., 2014). As a result, porphyry systems are

characterized by extensive vein formation associated with mineralization and
alteration. Generally, hydrothermal alteration results in potassic, propylitic,
sericitic (phyllic) and argillic assemblages, which are documented to occur as

concentric alteration halos around the ore progenitor intrusions (Seedorff et al.,

2005; Sillitoe, 2010). Fluid trapped by quartz and other host minerals during

alteration and mineralization processes has a wide range of compositions, and is

the only record of the ore-forming fluid (Bodnar et al., 2014). As such, fluid

inclusions provide fundamental information on the physical and chemical nature

of ore-forming fluids. This is critical for understanding the nature and
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transportation-deposition mechanisms of ore-forming fluids in porphyry copper

deposits (Wilkinson, 2001; Bodnar et al., 2014).

Additional fundamental questions regarding porphyry deposits include the
time required to form these giant deposits and whether the metals accumulate in a

single pulse or over several pulses (Chiaradia et al., 2014). The current methods

used to constrain time-scales of porphyry systems include: 1) Ti in quartz

diffusion and thermal numerical modelling (Cathles et al., 1997; Weis et al., 2012;

Mercer et al., 2015); 2) calculation from metal concentration and fluid flow in

active hydrothermal systems (Simmons and Brown, 2006, 2007); and 3) direct

radiogenic dating (Sillitoe and Mortensen, 2010; Von Quadt et al., 2011;

Zimmerman et al., 2014; Spencer et al., 2015). The reported time-scales of fossil

porphyry deposits range from <0.1 to >4 m.y. The longer durations may reflect
multiple magmatic-hydrothermal pulses or inaccurate dating approaches (e.g.
lower precision dating). The development of high-precision geochronology,
especially molybdenite Re-Os in recent years has permitted direct dating of the
ore forming events associated with porphyry copper systems with precision better

than tens of thousands years (Zimmerman et al., 2014; Spencer et al., 2015). As

molybdenite is widely distributed in porphyry Cu deposits, Re-Os molybdenite
dating is currently the best technique to constrain the ore formation duration of
porphyry copper deposits.

Although extensive fluid inclusion research has been conducted to
understand ore forming processes for subduction related porphyry deposits

(Bodnar et al., 2014)and references therein), much less attention has been paid to

post-collisional porphyry deposits (Hou et al., 2009). The world-class Qulong

porphyry deposit, Tibet, is an excellent example of a porphyry system formed in a
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post-collisional tectonic setting (Hou et al., 2015). Qulong was discovered in 1994

with significant exploration success commenced from 2002 (Zheng et al., 2004).

This period of exploration uncovered a deposit with >2200 million tonnes ore.
The average metal grade at Qulong deposit is 0.5 percent for Cu and 0.03 percent
for Mo, making it the largest copper bearing porphyry system in China, and

among the world’s largest (top 25) porphyry copper deposits (Cooke et al., 2005;

Yang et al., 2009; Qin et al., 2014). Therefore, to understand both the P-T-V-X

conditions of Qulong, and the porphyry systems associated with post-collisional
tectonic settings, we present fluid inclusion petrography data coupled with
microthermometry and Laser Raman microspectroscopy data. We also present
molybdenite Re-Os geochronology to constrain the timescale of the
mineralization event. In addition, zircon U-Pb geochronology and oxygen isotope
data allow us to constrain the origin of the syn-ore aplite and the nature of the ore-

forming fluids.

2.2 Geological setting

2.2.1 Regional geology
The Gangdese porphyry copper belt is 50 km wide and ~400 km long, and is
situated at the southwest margin of the Lhasa Terrane, southern Tibet (Fig. 2.1)

(Zhang et al., 2014). The Lhasa Terrane records a protracted geologic history with

a Precambrian crystalline basement underlying Paleozoic to Mesozoic marine
strata and arc type volcanic rocks, together with Mesozoic and Cenozoic

intrusions (Zhang et al., 2014). The Lhasa Terrane rifted from Gondwana during

the Triassic or Middle-Late Jurassic and moved northward across the Neo-

Tethyan Ocean before collision with Eurasia along the Bangonghu-Nujiang suture
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during the Cretaceous (Zhu et al., 2011a; Zhu et al., 2011b; Zhang et al., 2014).

The continental collision of India and Asia along the Indus-Yarlung Zangbo

suture started at ~55 Ma (Rowley, 1996), with underthrusting of the Indian plate

beginning at ~35 Ma (Ali and Aitchison, 2008; Wang et al., 2014a). Continued

collision of the Indian and Asian plates resulted in the breakoff of the denser
Indian plate beneath the Asian plate from west to east of Tibet at ~25 and ~15 Ma,

respectively (Aitchison et al., 2007; Van Hinsbergen et al., 2012). Directly related

to slab breakoff was magma generation which resulted in Oligo-Miocene

magmatic rocks focused along the Gangdese belt (Hou et al.,, 2009; Van

Hinsbergen et al., 2012; Wang et al., 2014a). The Oligo-Miocene magmatism is

consistent spatially linked with N-S trending normal faults (Hou et al., 2009;

Wang et al., 2014a; Wang et al., 2014b). Porphyry copper mineralization is

commonly strictly associated with the Oligo-Miocene intrusions in the east

segment of the Gangdese porphyry copper belt (Wang et al., 2015), of which the

Qulong deposit is not only largest in this belt, but also in China (Zheng et al.,

2004: Qin et al., 2014).

2.2.2 Magmatic rocks

The main igneous units present at Qulong include Jurassic volcanic and dacite-
rhyolite intrusions, a pre-ore Miocene granite pluton, ore-related Miocene
porphyries and aplite intrusions, and a post-ore quartz diorite. Features of these

units are summarized in Table 2.1 and presented below.

Jurassic Yeba Formation and dacite-rhyolite porphyry
The Jurassic Yeba Formation is the most extensive unit in the Qulong district
(Fig. 2.2A) and is comprised of basaltic and felsic lavas. The age of the formation
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is constrained by a zircon LA-ICP-MS age of 166.0 £ 1.8 Ma in the felsic

volcanoclastic rocks (Zhao et al., 2016). The Yeba Formation sequence is intruded

by dacite-rhyolite and rhyolite porphyry stocks. These porphyry stocks are
composed of quartz (20-25 vol%) and feldspar (8-10 vol%) as phenocrysts, with a
quartz, K-feldspar and biotite as groundmass. Zircon grains from the rhyolite

porphyry yielded a LA-ICP-MS U-Pb age of 160.7 + 2.0 Ma (Zhao et al., 2016).

Volcanic rocks from the Yeba Formation and the porphyry stocks show
geochemical characteristics indicative of an arc-affinity, suggesting an origin

related to Mesozoic Neo-Tethyan Ocean subduction (Yang et al., 2008b).

Rongmucuola pluton

The Jurassic Yeba Formation and dacite-rhyolite porphyry units are intruded
by the ~8 km? Rongmucuola pluton (Fig. 2.2A and B). At its contact with the
Rongmucuola pluton, the Yeba Formation exhibits intensive metamorphism as

represented by pervasive hornfels (Yang et al., 2009). From east to west, the

composition of the Rongmucuola pluton ranges from granodiorite to
monzogranite (Fig. 2.3A), and has a variable grain size (medium to coarse), and
ranges from being hypidiomorphic-granular to weakly porphyritic (Yang et al.,

2009; Zhao et al., 2016). Mafic enclaves are quite common in the eastern portion

of the pluton, but are rare in the west (Zhao et al., 2016). Despite the small

compositional and textural variations, the entire pluton possesses a similar
mineralogy and crystallization age (17.6 = 0.3 Ma and 17.4 £ 0.4 Ma; zircon LA-

ICP-MS U-Pb) (Zhao et al., 2016). The bulk of the Cu-Mo mineralization is

hosted in the western part of the pluton that comprises coarse grained (5-10 mm)

plagioclase (30-40 vol%), K-feldspar (20-30 vol%), and medium grained (2-5 mm)
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quartz (15-20 vol%) and biotite (10-15 vol%), and accessory minerals such as
apatite, magnetite, zircon, rutile; no titanite has been documented. The pluton is
characterized by a porphyritic texture throughout, a progressive increase in
alteration intensity from the surface to ~2000 m depth (predominantly
silicification and potassic alteration), and exhibits a colour change from dark grey

to grey.

P porphyry (monzogranite)
The western part of the Rongmucuola pluton is intruded by the P porphyry
(Fig. 2.2A and B), which is considered to be the ore-forming porphyry (Yang et

al., 2009; Hu et al., 2015; Zhao et al., 2016). The P porphyry has an exposure

surface of 0.5 km?, and an unknown vertical extent. The P porphyry comprises
coarse grained (3-8 mm) plagioclase (10-20 vol%), quartz (5-15 vol%) and K-
feldspar (~5 vol%) as phenocrysts, with a groundmass dominated by quartz and
feldspar (Fig. 2.3B). The porphyry shows extensive alteration and mineralization.
The feldspar phenocrysts possess distinctive embayed shapes, with the
groundmass displaying different degrees of hypogene argillization as a result of
either the complete or partial destruction of feldspar. Characteristic to the P
porphyry is its quartz phenocrysts which occur as clusters of two or three and
forms amalgamated “phenocrysts” (Fig. 2.3B). These quartz phenocrysts often
show resorbed crystal margins and embayment textures (Fig. 2.3B) which indicate

intense silicification (Chang and Meinert, 2004; Yang et al., 2009; Qin et al.,

2014). Zircon LA-ICPMS U-Pb analysis yielded a 16.2 £ 0.3 Ma emplacement

age for the P porphyry (Zhao et al., 2016).
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X porphyry (monzogranite)
In the western portion of the Rongmucuola pluton, the X porphyry occurs with
a surface outcrop of ~0.04 km?; it is also present as irregular dikes in drill cores.
The thickness of X porphyry dikes in drill cores varies from several to tens of

centimeters (Zhao et al.,, 2016) (Fig. 2.2B). The X porphyry has similar

composition to the P porphyry except for a greater abundance of biotite
phenocrysts. The X porphyry possesses unidirectional solidification textures
(UST), intensive potassic alteration and weak propylitic alteration, but in general

it is poorly mineralized (Yang et al., 2009). No direct cross-cutting relationships

between the P and X porphyry has been documented previously, or observed in
this study. However, previous studies assume it post-dates the P porphyry because
it cuts barren potassic stage quartz veins in the Rongmucuola pluton (Yang et al.,

2009; Zhao et al., 2016). The reported zircon LA-ICP-MS U-Pb age is identical,

within uncertainty, to that of the P porphyry (15.9 + 0.3 Ma) (Zhao et al., 2016).

Aplite
In addition to the P and X porphyry units, fracture controlled, thin (several to
tens of cm wide) aplite dykes (Fig. 3C&E) cross-cut the Rongmucuola pluton

(Yang et al., 2009; Zhao et al., 2016). The aplite is widely distributed in drill cores

but no cross-cutting relationship has been documented between the aplite and P or
X porphyry. The aplite units are characterised by intergrowths of fine-grained (~1

mm) anhedral alkali feldspar and quartz (Yang et al., 2009; Zhao et al., 2016) with

disseminated magnetite and pyrite throughout. The fine grained texture suggests
that this aplite experienced rapid cooling and crystallized immediately after

emplacement (Webber et al., 1999). It has been assumed that the aplite is coeval
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or slightly older than the X porphyry as potassic stage irregular-planar quartz-K-

feldspar veins truncate the aplite units (Yang et al., 2009). Further, this study has

observed barren sinusoidal quartz veins within the mineralized aplite (documented
below; Fig. 2.4A), which we interpret to have formed during the transition
between the magmatic and hydrothermal stage. To date, no radiometric date has

been reported for the aplite units.

Post-ore quartz diorite

Mineralization was cross cut by a quartz-diorite dyke. The dyke is tens of cm
wide and 2-6 m in length. It hosts phenocrysts of ~0.5-1 cm diameter including
plagioclase (~5 %), quartz (5 %) and hornlende (3 %) set within a matrix of
plagioclase, hornblende, quartz and biotite (Fig. 2.3D). The quartz-diorite is
typically fresh with only plagioclase phenocrysts exhibiting minor alteration to a
low-temperature assemblage of calcite-chlorite-sericite (Fig. 2.3D) (Yang et al.,

2009; Yang et al., 2015). This unit is the youngest intrusion recognized at Qulong

and has a zircon SIMS U-Pb age of 15.3 £ 0.2 Ma (Zhao et al., 2016).

2.2.3 Hydrothermal breccia

In addition to the magmatic units mentioned above, a hydrothermal breccia
associated with the formation of the porphyry mineralization is also documented
at Qulong. The breccia exists as a pipe (~100 m in diameter) and cross cuts the
Rongmucuola pluton. The breccia is predominantly composed of clasts (<10 cm)
from the Rongmucuola granodiorite pluton and P porphyry, which are cemented

by aplite. These clasts are intensively altered and mineralized (Yang et al., 2009;

Zhao et al., 2016). In certain cases, the breccia possesses intense silicification with
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hematite alteration, cemented by a clay mineral-dominated matrix (e.g. kaolinite,

illite).

2.3 Hydrothermal alteration phases

Akin to porphyry copper deposits worldwide, Qulong has a clearly zoned
mineralization and alteration pattern. The relative chronology of the alteration
assemblage at Qulong is; a) veinlets associated with the magmatic-hydrothermal
transition stage; b) potassic (K-feldspar, biotite) alteration stage; c) propylitic
alteration (chloritization) assemblages, and d) phyllic alteration (sericite) phases.
The alteration and mineralization phases at Qulong have been described by Yang

et al. (2009) and Qin et al. (2014). Here we summarize these findings together

with the observations of this study.

2.3.1 Magmatic-hydrothermal transition stage quartz veins

This study reports the first record of ~0.5 cm wide sinusoidal quartz veins at
Qulong hosted within the aplite dyke (Fig. 2.4A). The veins bear K-feldspar rims
(~1 mm wide) at both sides and have localised clusters of fine-grained (<0.3 mm)
pyrite grains. These barren veins represent silica-saturated melts/fluid formed at
the magmatic-hydrothermal transition stage before potassic alteration. This
process is also represented by Unidirectional Solidification Textures (UST) hosted

by the X porphyry (Yang et al., 2008a). The sinusoidal quartz veins and UST are

taken to represent the magmatic-hydrothermal transition stage at Qulong.
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2.3.2 Potassic alteration

Potassic stage alteration assemblages at Qulong include the barren biotite and
quartz veins (generally 2 mm wide, Fig. 2.4B), chalcopyrite and molybdenite
bearing quartz veins with K-feldspar halos, and chalcopyrite-molybdenite bearing
quartz veins with biotite-feldspar-quartz assemblages (Fig. 2.4C-F). Potassic
alteration phases are concentrated around the P porphyry and predominantly
hosted by the Rongmucuola pluton and P porphyry, but also occur in the Yeba
Formation and X porphyry. Cu-Mo bearing veins with K-feldspar halos are the
main ore-bearing potassic alteration assemblages at Qulong. These veins generally
have a width of 0.5-3 cm (Fig. 2.4D and E). The nature of potassic alteration is
characterized by selective replacement of plagioclase to K-feldspar, and tends to
be more extensive near the P porphyry where almost all plagioclase grains were
replaced by sericite, kaolinite and illite. Veinlets containing biotite have been
divided into three types: 1) vein fillings comprising coarse-grained biotite grains
(0.1-0.4 mm); 2) yellow-brown coloured biotite alteration halos (generally < 0.1
mm in width) along irregular quartz or quartz-anhydrite veins; and 3) primary
biotite grains replaced by secondary biotite in the Rongmucuola pluton (Yang et
al., 2009). Potassic alteration is the main mineralization stage at Qulong and
directly controls bulk Cu-Mo mineralization. A progressive increase in intensity
of potassic alteration was documented in the Rongmucuola pluton from shallow to

depth.

2.3.3 Propylitic alteration

Propylitic alteration is extensively developed at Qulong in both the

Rongmucuola pluton and the Yeba Formation. The propylitic alteration is
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characterized by pervasive weak chloritization of the primary biotite and intensive
replacement of plagioclase by epidote in the Rongmucuola pluton (Fig. 2.4G-I)
and Yeba Formation, respectively. Propylitic alteration in the X porphyry is
relatively weak. In the Rongmucuola pluton, biotite, hornblende and plagioclase
have experienced different degrees of replacement by chlorite-dominated
assemblages. In the Yeba Formation, epidote dominated (>60 vol%) alteration
assemblages, with quartz, chlorite and K-feldspar, are found as irregular to planar
veins (1-2 mm wide). Generally, sulfides (e.g. pyrite, chalcopyrite) associated
with propylitic alteration are less abundant than in the potassic alteration stage

(Yang et al., 2009). Anhydrite veins (pink, 1-3 mm in grain size and ~0.5-2 cm

wide) along with molybdenite mineralization (with minor chalcopyrite) fill in
reopened potassic stage K-feldspar veins (Fig. 2.4J). It is thought that these
sulfides (molybdenite + chalcopyrite) belong to the propylitic alteration stage
given that the K-feldspar assemblages in these veins are partially replaced by late

stage molybdenite and chlorite.

2.3.4 Phyllic and hypogene argillic alteration

Phyllic and hypogene argillic alteration phases are widely distributed and
overprint early stage alteration assemblages at Qulong. Phyllic and argillic
alteration phases are more intense in the P porphyry than that in the Rongmucuola
pluton and the X porphyry. In most cases, the intensive phyllic and argillic
alteration have overprinted all igneous textures in the P porphyry. Similar to the
potassic alteration, a progressive enhancement of phyllic and argillic alterations
has been documented from shallow to depth in the Rongmucuola pluton. The

main mineral phases of the phyllic and argillic alteration assemblages are sericite,
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pyrite, anhydrite and clay minerals, and these are spatially associated with minor
chalcopyrite and molybdenite. These phases are generally fine-grained (0.5-3 mm)
and difficult to recognize in hand specimen, but occasionally include coarse-

grained (0.5-1 cm) pyrite and anhydrite crystals (Fig. 2.4 K and L).

2.4 Samples and methods

2.4.1 Samples

Representative quartz veins from the magmatic-hydrothermal transition stage,
potassic alteration, propylitic and phyllic alteration stages were selected to study
fluid inclusions, which allow us to constrain the nature and evolution of the ore-
forming fluid. All the samples were collected from drill cores at 10 to ~600 meters.

All the magmatic units at Qulong have been dated by previous studies, except
the ore-bearing aplite. One ore-bearing aplite sample (Fig. 2.3C) was selected to
conduct secondary ion mass spectrometry (SIMS) zircon U-Pb geochronology.
SIMS was also utilized to determine the oxygen isotope composition of the
zircons in order to aid the understanding of the U-Pb data, as well as the nature of
ore-forming fluids.

Six molybdenite bearing quartz veins utilized for fluid inclusion analysis were
also targeted for Re-Os dating to further constrain the timing of sulfide
mineralization. Samples were selected from the aplite with a weak potassic
alteration of K-feldspar (313-145; Fig. 2.4C), the potassic alteration stage (313-
460, 001-640; Fig. 2.4D and E), the potassic-propylitic transition (1605-334, Fig.

2.4J) and the phyllic stage (1605-155; 1605-33, Fig. 2.4K).
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2.4.2 Microthermometry and laser Raman spectroscopy
Microthermometric analysis of vein quartz hosted fluid inclusions in doubly
polished wafers was carried out at the Geofluids Research Laboratory, National
University of Ireland, Galway, using a Linkam THMSG600 heating and freezing
stage mounted on a Olympus transmitted light microscope. Synthetic fluid

inclusion standards (pure CO2 and pure water) were used (Baumgartner et al.,

2014) at -56.6, 0, 10.2, and 374 °C to correct the accuracy of the stage.
Measurements below 31.1 °C, the critical point of CO2, are accurate to +0.2 °C,
and measurements above this temperature are accurate to +1 °C. The volumetric
fraction of phases in fluid inclusions was estimated at room temperature by

reference to the volumetric chart of Roedder (1984). Bulk salinity was calculated

from the final ice melting temperature, or halite dissolution temperature (Bodnar

and Vityk, 1994) for hypersaline fluid inclusions. Homogenization conditions and

isochores of individual fluid inclusion assemblages (FIAs) have been calculated
with HokieFlincs_H>0-NaCl program based on fluid inclusion volumetric data

(P-V-T-X) (Steele-Maclnnis et al., 2012).

Solid and gas phases from selected fluid inclusions were identified using laser
Raman spectroscopy (LRS) at the Geofluids Research Laboratory, National
University of Ireland Galway. The LRS analysis was conducted on a Horiba Lab
Ram Il spectrometer equipped with a 600 groovemm™ diffraction grating,
confocal optics, a Peltier-cooled CCD detector (255 by 1024 pixel array at -67 °C)
and an Olympus BX41 microscope arranged in 180° backscatter geometry.
Sample excitation was achieved using a Ventus diode-pumped, continuous
wavelength, 532 nm laser with a maximum power output of 50 mW. Raman

analysis was carried out using a 100x objective lens resulting in a laser spot size
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of ~2 um. Excitation power at the sample typically ranged between 10 and 20

mW.

2.4.3 CL imaging and EDS mineral identification methods

CL imaging and mineral inclusion identification were conducted with a
Hitachi SU-70 FEG SEM at the G., J., Russell electron microscopy facility at
Durham University. Cathodoluminescence (CL) imaging was carried out at a 10
kV accelerating voltage with a beam current of 1.63 nA at 16.8 mm working
distance. Secondary electron images were taken under the same accelerating
voltage and working distance but at a lower beam current (0.6 nA). Mineral
inclusions were identified by EDS with 15 kV accelerating voltage and 0.93 nA

beam current at 15 mm working distance.

2.4.4 SIMS zircon oxygen isotope and U-Pb dating analytical method

Guided by CL images, zircon oxygen isotope analysis and U-Pb dating were
carried out at the Institute of Geology and Geophysics, Chinese Academy of
Sciences with CAMECA IMS-1280 SIMS and CAMECA IMS-1280HR SIMS,
respectively. Sample preparation and instrument operation conditions are the same
asin Li et al. (2009, 2010a,b) and are briefly summarized here. Zircon grains were
mounted with zircon oxygen isotope standards (Penglai zircon and Qinghu zircon)

(Li et al., 2010; Li et al., 2013) and zircon geochronology standards (Plesovice

and Qinghu zircon) (Sldma et al., 2008; Li et al., 2013) and then polished and

coated with gold.
For O analysis, the Cs* primary ion beam was accelerated at 10 kV, with an

intensity of ca. 2 nA and rastered over a 10 um area. The spot size (ellipse) was
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about 10 x 20 um in diameter. The normal incidence electron flood gun was used
to compensate for sample charging during analysis with homogeneous electron
density over a 100 um oval area. A 60 eV energy window was used together with
a mass resolution of ca. 2500. Oxygen isotopes were measured using multi-
collection mode on two off-axis Faraday cups. The intensity of °0 was typically
10° cps. The NMR (Nuclear Magnetic Resonance) probe was used for magnetic
field control with stability better than 3 ppm over 16 h on mass ’O. One analysis
took ca. 5 min consisting of pre-sputtering (~120 s), automatic beam centering
(~60 s) and integration of oxygen isotopes (20 cycles x 4 s, total 80 s).
Uncertainties on individual analyses were usually better than 0.3-0.4 %o (2 SE).
The instrumental mass fractionation factor (IMF) was corrected using Penglai

zircon with a 8180 value of 5.3 %o (Li et al., 2010). Measured 80/*60 ratios were

normalized by using V-SMOW compositions (**0/**0 = 0.0020052), and then
corrected for the IMF. An in-house zircon standard (Qinghu) was used to
ascertain the veracity of the IMF and 15 measurements of Qinghu zircon in this
research yielded a weighted mean of 5.49 + 0.37 %o (2 SD), which is consistent

with the recommended value of 5.4 + 0.2 %o (Li et al., 2013).

During U-Pb analysis, zircon grains were sputtered by an Oz  primary ion
beam with an intensity of ca. 8 nA and a diameter of 20 pum. An ellipsoidal spot
approximately 20 x 30 pum in size was created at the sample surface as the ion
beam was at an angle with the sample surface. U-Pb concentration and isotopic
compositions were calibrated against the PleSovice zircon standard. Common Pb
was corrected using measured non-radiogenic 2**Pb and an average present day

crustal Pb compositions (Stacey and Kramers, 1975). Concordia plot and ages are

calculated by Isoplot 3.0 (Ludwig, 2003). The quality of the data was assessed by
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analyzing the Qinghu zircon standard between samples. Five analyses of the
Qinghu zircon standard during this study yielded a weighted average 2°°Pb/?%U
age of 160.1 + 4.6 Ma (95 % conf.), which is in good agreement with the reported

reference value of 159.5 + 0.2 Ma (Li et al., 2013).

2.4.5 Molybdenite Re-Os dating method

Molybdenite (0.3-2 mm) bearing quartz veins were crushed in an agate pestle
to 5 mesh and then hand-picked under a microscope to remove non-molybdenite
bearing phases. A known amount of material was placed into a Savillex Teflon
digestion vessel with 8 ml of 32N HF (ROMIL Ltd. UpA high-purity HF) and left

at room temperature for 24 hours (Lawley and Selby, 2012). This digestion

process was repeated until most of the quartz had been liberated. After this, the
HF was removed by rinsing the material three times with MQ, followed by
ethanol rinsing. The samples were then dried at 30 °C. The material was further
purified by traditional heavy liquid floating technology, and the estimated purity
was better than 95 %.

The Re-Os analytical protocol follows that documented by Selby and Creaser

(2001). In brief, a known amount molybdenite aliquant and spike solution (**Re
plus isotopically normal Os) was loaded into a Carius tube with 15.5 N HCI (3 ml)
and 16 N HNOs (6 ml), sealed, and digested at 220 °C for ~24 hours. Osmium was
isolated from the acid medium using solvent extraction (CHCIs) at room
temperature and further purified by micro-distillation method. The rhenium
fraction was separated by NaOH-acetone solvent extraction and standard anion
column chromatography. Rhenium and osmium were loaded on to Ni and Pt

filaments, respectively. The isotopic compositions were measured by negative
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thermal ionization mass spectrometry (N-TIMS) (Creaser et al., 1991). Analyses

were conducted on a Thermo Scientific TRITON mass spectrometer, with Re and
Os isotopic compositions measured using static Faraday collection mode. The Re
and Os isotopic composition analytical uncertainties are propagated with spike
calibrations, sample and spike weighting uncertainty, reproducibility of Re and Os
isotope standard values, as well as blank abundances and isotopic compositions.
During the study, Re and Os blanks were 4 pg and 1 pg, respectively, with the
1870s/1880s of the blank being 0.25 + 0.02. The molybenite Re-Os model age is
calculated using the equation t = In (*¥’Os/*®’Re + 1)/i. All analytical uncertainties
were propagated with, and without, the ‘8’Re decay constant uncertainty (Smoliar

et al., 1996; Selby et al., 2007).

2.5 Fluid inclusion data
2.5.1 Classification strategy

The superimposition of multiple hydrothermal fluid pulses is a common
phenomenon in hydrothermal ore deposits, and is particularly common in

porphyry copper systems (Seedorff et al., 2005; Rusk et al., 2008; Richards, 2011).

As a result of the superimposition of hydrothermal events it is common to find in
one crystal fluid inclusions that were trapped during different stages of
mineralization and record very different physical and chemical compositions

(Audetat et al., 1998). As such, to avoid ambiguous results and to investigate the

primary ore-forming fluids nature, only primary and pseudosecondary fluid
inclusions were analyzed.

Fluid inclusions and fluid inclusion assemblages (FIAs) (Goldstein and

Reynolds, 1994) are abundant in quartz veins from all alteration stages at Qulong
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and range in size from 1 to 30 pm in diameter (Fig. 2.5). The majority of fluid
inclusions examined in this study have a diameter between 6 and 15 um. Primary
fluid inclusions are defined when they are confined to a single growth zone (Fig.
2.5A).

However, given the fact that most of the quartz grains are anhedral and lack
clear growth zonation under transmitted light microscope, like many porphyry

copper deposits (Rusk et al., 2008), most fluid inclusions studied here are linearly

distributed pseudosecondary fluid inclusions trapped during the healing of
micron-sized intra-grain fractures/cracks (Fig. 2.5A-C). Secondary fluid
inclusions (Fig. 2.5B), generally distributed along late stage fractures, have an
unknown origin in relation to the mineralization (Fig. 2.5A) and were avoided
during this study.

Based on phases observed at room temperature, five types of fluid inclusion
assemblages have been defined. They are classified as: LVo.2s (liquid-rich two-
phase FIAs, Fig. 2.5F), LV2s.60 (liquid-vapor two-phase FIAs, Fig. 2.5E), LVso-100
(vapor-rich two-phase FIAs, Fig. 2.5D and ), LVr=op (halite bearing FIAs with or
without opaque minerals, Fig. 2.5G and H) and LVop (opaque minerals bearing
FIAs without halite presence, Fig. 2.5J and M) (L=liquid, V=vapor, subscript
number = volume percentage of vapor in fluid inclusions, H £ OP = presence of
halite and/or opaque minerals. e.g. LVo.25s refers to two-phase fluid inclusions
contain 0-25 vol% of vapor; LVop refers to fluid inclusions that contain opaque
minerals without observed halite crystals). Halite in LVH:op fluid inclusions was
identified by its cubic shape and optical isotropy (Fig. 2.5G-J and L), with sylvite
distinguished from halite by its sub-cubic form and lower relief. Halite is the

dominant salt crystal. Anhydrite is also present in LVh+or and LVop fluid
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inclusions, and is identified by its transparent anisotropic prisms (Fig. 2.5K and L)
with a diagnostic Raman signal (Burke, 2001). Hematite in LVnh:op and LVop
fluid inclusions was easily recognized from its red colour, hexagonal shape and
high reflection index (Fig. 2.5M). However, most of the opagque minerals in
LVhzop and LVop fluid inclusions were not identified due to their small size (<1
pum). In many cases a FIA comprises more than one type of fluid inclusions. In
such cases the classification is defined by the main type of fluid inclusion in that

FIA (Goldstein and Reynolds, 1994).

LVo-25s type fluid inclusions commonly display negative crystal shapes (Fig.
2.5F), but also exhibit rounded to irregular shapes. These inclusions occur in trails,
as scattered groups and isolated individuals.

LV2s.60 type fluid inclusions are dominated by negative crystal shapes and also
exhibit rounded shapes (Fig. 2.5E), they occur in trails, as randomly distributed
clusters and as isolated individuals, which are similar to the LVo.25 type fluid
inclusions.

LVso-100 type fluid inclusions share similar distribution patterns as the LVo.25
and LVas.e0 type fluid inclusions (Fig. 2.5 D and I). However, the difference
between this type and LVo-25s and LV2s.60 inclusions is that LVeo-100 homogenize to
both the vapor (~30 % of them) and liquid (~70 % of them) phase.

LVh:op type fluid inclusions host one or more halite daughter minerals +
opaque minerals (Fig. 2.5G, H and L), with variable volume percentages of vapor.
Halite is the most common daughter minerals, but sylvite and anhydrite (Fig. 2.5K,
L) are also observed. This type of fluid inclusion is either isolated or occurs as
randomly distributed clusters and often contains small (~1 um) unidentified

opaque daughter minerals (Fig. 2.5G, H, J, L).
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LVor type fluid inclusions host opaque minerals and anhydrite, but no other
identifiable daughter phases at room temperature (Fig. 2.5J and M). They contain
5-60 vol% vapor phases, with the majority containing 10-20 vol% vapor. These
inclusions are generally distributed as random clusters or as isolated individuals,
but also spatially associated with halite-bearing fluid inclusions (Fig. 2.5J). These
fluid inclusions are generally secondary or of an unknown origin, and are not
further discussed. The distribution of the FIAs in the vein assemblages at Qulong

are given in Table 4.

2.5.2 Microthermometry

The majority of fluid inclusions homogenize to liquid with subsequent
dissolution of halite when present, except for LVso-100 type fluid inclusions, which
30 % of them homogenize to the vapor phase. A few halite bearing fluid
inclusions also homogenize by halite dissolution. In most cases, the opaque
minerals do not dissolve despite heating to 450-500 °C for 2-3 hours.

For the FIA bearing both LV25.60 and LVeo-100 inclusions from a quartz vein
representing the magmatic-hydrothermal transition stage (No.1 in Fig. 2.4A), the
inclusions homogenize to liquid with Th of 340-360 °C and yield salinities of 2-6
wt. % NaCl equiv. (n = 18; Fig.6A).

All Th and salinity inclusion data for quartz bearing potassic alteration
selvages are shown in Fig. 2.6B. One primary halite-bearing FIA (LVH:op, NO. 2
in Fig. 2.6B) yield Th of 419-436 °C and salinities of 50-52 wt. % NaCl equiv. (n
= 11). A pseudosecondary halite-bearing FIA (LVH+op, N0.3) spatially associated
with vapor-rich two-phase fluid inclusions (LVeo-100) Yield identical Th (388-405

°C). The halite bearing fluid inclusions have salinities of 41-45 wt% NaCl equiv
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(n = 8), with the vapor-rich two-phase fluid inclusions homogenizing to vapor
possessing lower salinities (4-7 wt% NaCl equiv., n=6). Two pseudosecondary
vapor-rich two-phase FIAs (No. 4 and 5) yield similar salinities (1-6 wt% NaCl
equiv), but have different Th (385-400 and 360-370 °C; n = 12 and 13,
respectively). Two liquid-vapor two-phase (LVso-100) pseudosecondary FIAs (No.
6) yield similar Th (335-355 °C) and salinity (2-7 wt% NaCl equiv; n = 18).

All Th and salinity data for quartz veins bearing a propylitic alteration selvage
are shown in Fig. 2.6C. Three pseudosecondary liquid-vapor two-phase (LV2s.60)
FIAs (also include vapor-rich two-phase fluid inclusions, No. 7) yield identical Th
(all homogenize to liquid) of 335-360 °C and salinities of 1-7 wt% NaCl equiv (n
= 31). One pseudosecondary liquid-vapor two-phase FIA (No. 8) give similar
salinity values (2-7 wt% NaCl equiv), but slightly lower Th (318-332 °C, n = 9).
A further FIA (No. 9) comprising pseudosecondary liquid-rich two-phase fluid
inclusions yield similar Th of 270-290 °C and show broadly similar salinities of 2-
11 wt% NaCl equiv (n = 14).

The Th and salinity inclusion data for a quartz bearing phyllic alteration
selvage are shown in Fig. 2.6D. In general, salinities are similar between FIAs
(No. 10-12), and range between 1 and 9 wt% NaCl equiv. In contrast, Th values
vary within the FIAs from 265 to 340 °C. One pseudosecondary liquid-rich two-
phase FIA (No. 12) yielded Th of 265-290 °C and salinities of 1-8 wt% NaCl
equiv (n = 13). Another pseudosecondary FIA (No. 11) yielded slightly higher Th
(295-310 °C) and possesses similar salinities (3-9 wt% NaCl equiv. n = 12). A
slightly higher Th (325-340 °C) is recorded by another pseudosecondary liquid-

vapor two-phase FIA (No. 10), with salinities of 2-8 wt% NaCl equiv (n = 13).
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2.6 Zircon U-Pb, O isotopes and mineral inclusions
2.6.1 SIMS zircon U-Pb and oxygen isotope data of the aplite
The zircon U-Pb and oxygen isotope data of the aplite are summarized in
Table 2.2 and illustrated in Fig. 2.8 and 9, respectively. All analytical spots were
located on areas with clear CL zonation, while sieve textured grains and mineral
inclusions rich zones were avoided for potential Pb loss (Fig. 2.7). The U-Pb
analysis was conducted at the same position after oxygen isotope analysis. The 37
U-Pb analyses plot on or near the Wetherill concordia curve between 140 and 185
Ma (Fig. 2.8A). These data are divided into two groups based on their 2°Pb/?%U
age distribution (Fig. 2.8B). The first group consists of 2°Pb/?%U age values that
vary from 140.7 to 156.3 Ma (n = 4). The ?%Pb/?®U age values from the second
group (n = 33) range from 165.2 to 184.7 Ma and show a bimodal distribution
(Fig. 2.8C). No systematic age variations were observed between the core and rim.
The zircon 580 values range from 4.2 to 5.5 %o, and show a positive skewed
asymmetric distribution (Fig. 2.9). Notably, 18 analyses yield an average of 4.85
+0.23 %o (1 SD) which is lower than the recommended mantle value (5.3 = 0.3 %o)

(Valley et al., 2005), with the remaining 12 analyses within the mantle value

(average = 5.31 = 0.12 %o, 1 SD). There is no trend in the 580 values between the
zircon core and rim. Further, there is also no correlation between the 2%°Ph/?8U

age data and the 580 values.

2.6.2 Zircon hosted mineral inclusions
The zircon grains from the aplite are characterized by sieve textures and host
abundant mineral inclusions that are predominantly in the core of the grains (Fig.

2.10). In addition to rutile and xenotime, feldspar, quartz and fluorapatite are also
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frequently observed. Feldspar and quartz (15-40 mm) generally coexist and cross

cut the zircon grains.

2.7 Molybdenite Re-Os data

Re-Os data are reported at 2 sigma level uncertainty in Table 2.3 and are
graphically presented in Fig. 2.11. The Re-Os data uncertainties are presented
with full propagation of the analytical uncertainties without/with the '®’Re decay
constant uncertainty. Rhenium concentrations of the molybdenite samples vary
from 64 to 324 ppm. As the purity of molybdenite samples studied here is better
than 95 %, the recorded rhenium concentration variations relate directly to the
abundance in the analyzed molybdenite sample. No relationship between rhenium
concentration and age is observed. The Re-Os dates are in agreement with the
relative chronology of the Qulong porphyry system; a) magmatic-hydrothermal
transition, b) potassic alteration, c) propylitic alteration, and d) phyllic alteration
(Fig. 2.11). Sample 313-145 from the aplite which hosts the sinusoidal quartz
veins has a Re-Os model age of 16.10 £ 0.07 [0.08] Ma. Samples 313-460 and
001-640 with potassic selvages yield identical Re-Os dates of 16.11 + 0.06 [0.08]
Ma and 16.10 + 0.07 [0.09] Ma, respectively. Sample 1605-334 with a propylitic
selvage has a slightly younger date of 16.01 £ 0.06 [0.08] Ma. Two samples
(1605-155 and 1605-33) with phyllic selvages yield further younger dates of
15.93 + 0.06 [0.08] Ma and 15.88 + 0.06 [0.08] Ma, respectively. As these
samples are not cogenetic and indicate a resolvable timespan, no isochron or

weighted average is presented.
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2.8 Discussion
2.8.1 Geochronology of Qulong
A significant amount of geochronology data (U-Pb, Re-Os, Fig. 2.12) has been
published in an attempt to constrain the timeframe of the magmatism and
mineralization at Qulong. Published 2%°Pb/?*8U age data yield a weighted mean of

17.2 £ 0.9 Ma (LA-ICP-MS, N = 243, 1 SD) (Hu et al., 2015; Zhao et al., 2016)

and 16.5 + 1.1 Ma (SHRIMP, n = 38, 1 SD) (Li and Rui, 2004; Wang et al., 2006)

for the Rongmucuola pluton (Fig. 2.12). For the syn-ore P porphyry 2°°Pb/?%8U
age data yield a weighted mean of 16.3 £ 0.5 Ma (LA-ICP-MS, n = 15, 1 SD)

(Zhao et al., 2016) and 17.1 + 1.0 Ma (SHRIMP, n =13, 1 SD) (Hou et al., 2004).

The zircon grains from the X porphyry have 2%Pb/?®U age data that yield a

weighted average of 15.9 + 0.5 Ma (LA-ICP-MS, n = 18, 1 SD) (Zhao et al.
2016). The post-ore diorite has zircon 2°°Pb/?38U age data that yield a weighted

mean of 15.7 £ 0.4 Ma (LA-ICP-MS; n =21, 1 SD) (Yang et al., 2015) and 15.3 +

0.3 Ma (SIMS; n = 17, 1 SD) (Zhao et al., 2016). Published Re-Os molybdenite

model ages via ICP-MS analysis constrain mineralization from 16.85 to 15.36 Ma,

and have large uncertainties (0.19-1.94 Ma) (Meng et al., 2003; Zheng et al., 2004;

Li et al., 2005; Wang et al., 2006). The current U-Pb and Re-Os data set is

suggestive of a prolonged magmatic-hydrothermal evolution history at Qulong
(>3 m.y, Fig. 12). However, the significance of these dates, in terms of magmatic-
hydrothermal onset and demise, cannot be truly given before the systematic
difference between the methods (SHRIMP, LA-ICP-MS, ICP-MS) and

laboratories has been assessed (Von Quadt et al., 2011; Li et al., 2015;

Schaltegger et al., 2015). In this case, the weighted mean of the 2°°Pb/?38U age for

all the zircon grains is certainly not a good estimation for the age of porphyry
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emplacement (Schoene, 2014). Further, the standard deviations associated with

the analysis also cannot be used to assess the magma evolution as there is no
assessment for the variation which either reflects geological processes or
analytical uncertainties. As such estimating the timescale of magmatism and
mineralization at Qulong based on these data is impossible and further high-

precision geochronology study is needed (e.g., CA-ID-TIMS; (Chiaradia et al.,

2013; Schoene, 2014; Schaltegger et al., 2015)).

Given the observation that the aplite units intrude the Miocene Rongmucuola

pluton (Fig. 2.3E) (Yang et al., 2009; Qin et al., 2014), and are truncated by quartz

veins with potassic selvages (Yang et al., 2009), there should be no doubt that it is

coeval or slightly older than the syn-ore P porphyry. However, zircon SIMS
206pp/238Y age data from the aplite yield concordant Jurassic ages (Fig. 2.8, 172-
182 Ma). These zircon grains show clear zonation in CL images (Fig. 2.7) without
evidence of contamination from inherent cores, and no systematic age variations
between the core and the rim of the zircon grains. In addition, the concordia data
sets argue against Pb loss, thus we conclude that the Jurassic dates are not an
analytical manifestation or related to the disturbance of the U-Pb system, but in
fact indicate there was no zircon growth during the crystallization of the aplite

(Bea et al., 2007).

The aplite has been previously suggested to be a quench product of the magma

that also produced the P porphyry (Yang et al., 2009). If this is the case, zircons

with Jurassic cores should also be observed in the P porphyry unless all the old,
inherited grains have been resorbed. As zircon is well known for its resistance in
most geological conditions, plus the lack of Jurassic cores documented in zircon

grains from the P porphyry (Hou et al., 2015), the aplite likely did not originate
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from the same magma as the P porphyry. A possible scenario is the aplite
represents rapid crystallization of a magma derived principally from melting of
materials sharing similar geochemical signature as the Jurassic igneous units (e.g.,
the Yeba Formation) during the emplacement of the Miocene intrusions, e.g.
during the emplacement of the P porphyry, and no Miocene zircon growth during

its crystallization (Bea et al., 2007). The reason for no Miocene zircon growth is

unclear, but potentially due to its rapid crystallization process, rather than a lack
of Zr as otherwise these inherited zircons will be absent.

Although there is no direct constraint for the emplacement age of the aplite, its
minimum crystallization age can be bracketed by a Re-Os age from molybdenite
from the aplite unit (16.11 + 0.06 [0.08] Ma; sample 313-145; this study). Thus
the aplite was formed before the main potassic alteration-mineralization stage, and
likely contemporaneous with the final crystallization of the P porphyry, with the
fluids of the sinusoidal quartz vein hosted by the aplite recording the magmatic-

hydrothermal transition (Lindsay et al., 1995).

The sieve textures and quartz-feldspar inclusions (Fig. 2.10) in the zircon
grains of the aplite suggest the aplite experienced extensive interaction with
hydrothermal fluids, e.g., the fluid associated with the sinusoidal quartz vein. The
low 880 values (4.2-5.0 %o, Table 2.2 and Fig. 2.9) from the aplite hosted zircon
grains suggest these zircon are either crystallized from low 580 magma (Wang et
al., 2011), or experienced alteration by low 880 fluid (Valley, 2003). However,
subduction related Jurassic magmatic rocks in the Gangdese porphyry copper belt
have 580 values of 5.5-7 %o, so the low zircon 580 values may be best explained

by low 0 fluid alteration (Taylor 1968).
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The Re-Os dates for molybdenite from quartz veins bearing potassic,
propylitic and phyllic selvages support the relative chronology of the
hydrothermal evolution at Qulong (Fig. 2.11). Molybdenite in veins with potassic
selvages yields identical Re-Os dates of 16.11 + 0.06 [0.08] Ma and 16.10 + 0.07
[0.09] Ma, with a slightly younger date (although overlapping within uncertainty)
for the propylitic stage (16.01 + 0.06 [0.08] Ma), and further younger ages for the
phyllic stage (15.93 + 0.06 [0.08] Ma and 15.88 + 0.06 [0.08] Ma). To date, the
Re-Os dates of this study provide the most robust timing constraints for the
hydrothermal evolution at Qulong, suggesting a maximum duration of 350 kyr,
which is much less than the uncertainties of the U-Pb (SHRIMP/LA-ICP-MS)
dates for the P and X porphyry units, and the post-ore diorite.

A potential concern for an underestimation of the mineralization lifespan is
that molybdenite may have formed entirely during the potassic phase, with some
veins being overprinted by propylitic and phyllic alteration. However, no evidence
of overprint/replacement of the molybdenite bearing veins was observed in this
study. Furthermore, the argeement of the relative chronology shown by the
alteration phases and the Re-Os molybdenite dates coupled with cessation of
mineralization/hydrothermal activity represented by the 15.88 Ma phyllic
assemblages in this study, and a 15.7 + 0.2 Ma hydrothermal biotite Ar-Ar age

(Zhao et al., 2016) agrue against a greater duration for hydrothermal activity.

2.8.2 Fluid compositions
The first ice-melting temperature for the majority of the two-phase aqueous
fluid inclusions is < -23 °C, which indicates the presence of other chemical

species besides NaCl and KCI (e.g. Ca, Fe and Mg) (Sterner and Bodnar, 1984;
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Rusk et al., 2008). As anhydrite has been recognized throughout most of the

alteration and mineralization assemblages (Zheng et al., 2004; Yang et al., 2009),

and is present as daughter minerals in fluid inclusions (Fig. 2.5K and L), the fluid

should be Ca-rich and oxidized (Wendt, 1992). Hematite is also a common

opaque trapped mineral in the fluid inclusions (Fig. 2.5M). Therefore, it is
reasonable to assume that the fluid contains Na, K, Ca, Fe, Cu and Mo, with the
anions Cl and S. As all of the fluid inclusions have first ice-melting temperatures >
-60 °C, Br and Li are considered as insignificant in regards to the bulk

composition of the hydrothermal fluids (Davis et al., 1990). CO2 in LV2s.60 fluid

inclusions is identified by Laser Raman, but only as a minor component (<3.5

mol%) (Azbej et al., 2007). Furthermore, liquid CO2 was not observed at room

temperature, nor clathrate formation was recorded in this study.
The early K-feldspar halos show dissolution textures (e.g., sieve textures, Fig.
2.4D), with quartz phenocrysts in the P porphyry exhibiting diagnostic resorbed

shapes with embayments (Fig. 2.3B) (Yang et al., 2009; Qin et al., 2014). This

suggests that the hydrothermal fluid potentially contains corrosive acid, e.g.

hydrofluoric acid (McPhie et al., 2011). Zircon grains from the aplite host

abundant fluorapatite inclusions, together with the sieve textures related to
hydrothermal alteration as demonstrated by low §'80 values, are highly suggestive
of the hypothesis that the hydrothermal fluid was fluorine rich. Similar quartz
resorption textures have been recognized in Cu-Zn skarn at the Empire Mine,
Idaho, and are attributed to high fluorine activities during the alteration and

mineralization processes (Chang and Meinert, 2004). In addition, fluorine-rich

fluids have also been proposed to explain the formation of amoeboid clasts in the

Olympic Dam IOCG deposit (McPhie et al., 2011). However, no fluorite has been
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recognized at Qulong (Zheng et al., 2004), this may indeed reflect that the fluorite

minerals were dissolved by later stage hydrothermal fluids.

2.8.3 Trapping conditions constraints and depth estimation
Determining the formation depth of a porphyry copper ore deposit is
challenging, as such the depth of porphyry ore formation for many deposits is not

precisely constrained (Seedorff et al., 2005; Rusk et al., 2008). Fluid inclusion

studies, however, are widely used to help model ore-fluid trapping pressures and
to estimate the formation depths.

Without independent pressure and temperature estimates, the halite-bearing
FIA from the potassic alteration stage that are spatially associated with vapor-rich
two-phase fluid inclusions (Fig. 2.5I, No. 3 in Fig. 2.6B) provides the best
estimation for the conditions of ore formation at Qulong. This association
suggests fluid boiling. Therefore, the homogenization temperatures (388-405 °C
with an average of 398 °C) and homogenization pressure (250-290 bar, average of

270 bar) (Steele-Maclnnis et al., 2012) of this specific FIA equals the trapping

temperature and pressure, respectively. This trapping pressure suggests a
formation depth of 1 km at lithostatic pressure or 2.7 km at hydrostatic pressure,
given this sample has a current depth of 0.4 km, either 0.6 or 2.3 km erosion
occurred following ore formation.

For the sinusoidal quartz vein that represents the magmatic-hydrothermal
transition stage, the liquid-vapor two-phase FIA (No. 1) yields Th of 350 °C.
Typical ductile-brittle transition in high level systems (e.g. porphyry copper
deposits), which represents mechanical failure of a magma chamber and release of

hydrothermal fluids occurs at temperatures < 425 °C (Landtwing et al., 2005;
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Richards, 2011). If we consider 425 °C as the uppermost trapping temperature for

the FIA in the sinusoidal quartz vein, a ~0.7 kbar trapping pressure is determined
(Fig. 2.13A). This pressure equals to ~2.7 km depth under lithostatic pressure and
~7 km under hydrostatic pressure. The lithostatic pressure inferred depth is
consistent with the temporally later potassic alteration stage exhibiting boiling
under hydrostatic pressure (No. 3, Fig. 2.13), this indicates that the sinusoidal vein
was formed under lithostatic pressure.

Assuming trapping at hydrostatic conditions of 2.3-2.7 km depth for the rest of
the FIAs, we present the best estimates for the trapping temperatures of fluids
associated with potassic, propylitic and phyllic stages (Table 4). For potassic stage
samples the pseudosecondary halite-bearing FIA yields average trapping
temperature of 425 °C (No. 2, Fig. 2.13B). Two pseudosecondary vapor-rich two-
phase FIAs yield average trapping temperature of 390 and 380 °C (No. 4 and 5,
Fig. 2.13A). Two liquid-vapor two-phase pseudosecondary FIAs yield average
trapping temperature of 360 °C (No. 6, Fig. 2.13A).

Three pseudosecondary liquid-vapor two-phase FIAs from the propylitic
alteration stage yield trapping temperatures of 365 °C (No. 7, Fig. 2.13A), the
pseudosecondary liquid-vapor two-phase FIA gives trapping temperature of 340
°C (No. 8, Fig. 2.13A), two pseudosecondary liquid-rich two-phase FIAs yield a
trapping temperature of 290 °C (No. 9, Fig. 2.13A). For FIAs from the phyllic
alteration stage, the pseudosecondary liquid-vapor two-phase fluid inclusions
yield a trapping temperature of 345 °C (No. 10, Fig. 2.13A), while the
pseudosecondary liquid-rich two-phase ones yield a trapping temperature of 310

and 285 °C (No. 11 and 12, Fig. 2.13A).
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The fluid inclusion data presented here suggests the transition between
lithostatic and hydrostatic pressure occurred at the initial stages of ore formation.
The temperature at the magmatic-hydrothermal transition stage (450 °C) is

significantly lower than that (573 °C) predicted by Yang et al. (2009). This may

suggest meteoric water involvement during the crystallization of the aplite, as
indicated by the low 580 values recorded in zircons within the aplite. During the
mineralization process, the fluid pressure remained broadly similar, with
temperatures decreasing from potassic to phyllic stages. The very steady fluid
pressure at hydrostatic conditions during the mineralization process indicates that
the Qulong system experienced mechanical failure of the magma chamber before
the mineralization processes, e.g. explosive pressure release marked by the
breccia pipes (Fig. 2.2).

In addition, our data suggests a minimum ~2.3 km of erosion since the
formation of Qulong. This amount of erosion is, however in contrast with current
estimates that state there has been no significant regional uplift or erosion in

central Tibet since the Miocene (Rowley and Currie, 2006). Nevertheless, our

fluid inclusion data, coupled with the absence of Miocene volcanism at Qulong,
which is commonly observed in porphyry systems formed in extensional

environments (Sillitoe, 2010), is indicative of appreciable erosion in the Qulong

area. Further, the exposure of several other Miocene porphyry systems near
Qulong without Miocene volcanic units (e.g., Jiama and Lakang’e; Fig. 2.1) may

indicate that ~2 km of erosion is more widespread than previously considered.

2.9 Conclusion
Molybdenite Re-Os dating confirms that the bulk Cu and Mo mineralization at
Qulong occurred between 16.10 £ 0.06 [0.08] Ma and 15.88 = 0.06 [0.08] Ma
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(bracketed value is with ®’Re decay constant uncertainty). This timeframe is
much less than the uncertainties of published U-Pb and Re-Os data. Though the
published geochronology data seems to suggest a long-lived intrusive episode of
the Miocene granodioritic to monzonitic rocks at Qulong, it is impossible to use
the weighted mean and uncertainty to address the emplacement age and duration
of magmatism until high-precision data is available (e.g. zircon CA-ID-TIMS).

The purely Jurassic aged zircons in the syn-ore aplite possessing a low oxygen
isotope composition (4.85 £ 0.23 %o), and sieve textures and mineral inclusions
(quartz, feldspar and fluorapatite) indicate that the aplite is a remelt of Jurassic
rock with involvement of meteoric fluid.

The ore-forming fluid contains Na, K, Ca, Fe, Cu and Mo, along with Cl and S.
Fluorine is also an essential component as demonstrated by the presence of
fluorapatite in zircon grains, as well as the dissolution textures of K-feldspar from
the potassic stage and quartz phenocrysts in the P porphyry. Fluid inclusion study
confirms the magmatic-hydrothermal transition occurred at ~425 °C under
lithostatic pressure, while potassic, propylitic and phyllic alteration occurred at
hydrostatic pressure with temperature progressively decreasing from 425 to 280
°C. The fluid inclusion data presented here suggest the Qulong porphyry system
was formed at a paleo depth of ~2.7 km. This implies that ~2.3 km of erosion has
occurred at Qulong after its formation, which may be related with regional uplift

in the Lhasa terrane.
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2.11 List of figures

Fig. 2.1 Tectonic setting and geological map of the Gangdese Porphyry Copper

Belt, Modified from (Yang et al., 2009).

Fig. 2.2 Geological map (A) of the Qulong Cu-Mo porphyry deposit with cross

sections (B), simplified and revised from Zhao et al. (2015).

Fig. 2.3 Representative images of the geology of the Qulong porphyry Cu-Mo
deposit. A) Rongmucuola granodiorite pluton, (B) P porphyry, (C) aplite, (D)
post-ore quartz-diorite, and (E) cross-cutting relationship between aplite and the

Rongmucuola pluton. See text for detail.

Fig. 2.4 Photos showing alteration and mineralization characteristics of the
Qulong porphyry Cu-Mo deposit. (A) Earliest A vein; (B) Early barren quartz
vein and biotite vein; (C) Molybdenite vein hosted by aplite; (D) Main stage Cu-
Mo veins with K-feldspar and biotite halos; (E, F, G) Cu-Mo mineralization with
K-feldspar halos from the potassic-propylitic alteration stage; (H, 1) Mo-Cu veins
from the propylitic alteration stage; (J) Anhydrite veins with Cu-Mo halos from
the phyllic alteration stage; (K) Pyrite-anhydrite vein from the phyllic alteration

stage; (L) Argillic alteration sample. See text for detail.

Fig. 2.5 Distribution and characteristic features of fluid inclusions at Qulong. (A)
Distribution of primary, pseudosecondary and origin unknown fluid inclusions; (B)
Secondary fluid inclusions within late-stage fracture and pseudosecondary fluid

inclusions; (C) Linear distributed pseudosecondary fluid inclusions; (D) Vapor
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rich two-phase FIA; (E) Liquid-vapor two-phase FIA; (F) Liquid-rich two-phase
FIA; (G) Halite bearing FIA with/without opaque; (H) Halite-bearing FIA
with/without opaque; (I) Vapor rich two-phase FIA; (J) Two-phase FIA spatially
associated with halite-bearing fluid inclusions; (K) Anhydrite bearing fluid
inclusion; (L) Halite bearing fluid inclusion with anhydrite and opaque minerals;

(M) Opaqgue mineral and hematite bearing fluid inclusions without halite.

Fig. 2.6 Th-salinity plots of fluid inclusions from the magmatic-hydrothermal
transition stage (A), potassic stage (B), propylitic stage (C) and phyllic stage (D).
The ages quoted in the figures are from quartz-enclosed molybdenite Re-Os dates
obtained in this study (Table 2.3). Numbers in blue indicate the FIA number

discussed in the text.

Fig. 2.7 CL images of zircon grains from aplite sample, with SIMS locations, and
U-Pb and O isotope data. Blue numbers indicate the zircon grain number noted in

the first column of Table 2.2.

Fig. 2.8 (A) Concordia plot of the aplite zircon SIMS U-Pb data, (B) weighted
average 2%Pb/?*U age plot, and (C) histogram showing a bimodal distribution of
the 2°Pb/2%8U ages. Note the calculated weighted average data in Fig. 2.8C does
not represent geological meaningful ages, but indicates the source of the magma.

See text for discussion.

Fig. 2.9 Histogram of aplite zircon SIMS oxygen isotope data, with mantle zircon

values from Valley et al. (2005). See text for discussion.
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Fig. 2.10 Secondary electron image showing the type and distribution of mineral

inclusions in zircon grains from the aplite sample.

Fig. 2.11 Molybdenite Re-Os dates obtained for quartz veins bearing potassic,

propylitic and phyllic selvages.

Fig. 2.12 A compilation of all published zircon U-Pb (LA-ICP-MS, SHRIMP,
SIMS) and molybdenite Re-Os (ICP-MS) data of the Miocene units and
mineralization at Qulong. Also shown are the Re-Os dates obtained in this study.
Our SIMS U-Pb zircons dates for the aplite are not shown as they are all Jurassic.

See text for data sources and discussion.

Fig. 2.13 Trapping pressure and temperature of hydrothermal fluids at Qulong
associated with the magmatic-hydrothermal transition, potassic, propylitic and
phyllic alteration and mineralization; (A) Isochores for a 5 wt% NaCl equiv, and

(B) 40 wt% NaCl equiv NaCl-H.O system (Samson et al., 2003). Hydrostatic and

lithostatic pressures are calculated based on a density of 1 and 2.6 g/cm?®,
respectively. Numbers at coloured star symbol indicate the FIA number discussed

in the text. (C) Fluid pressure-temperature evolution of Qulong.
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2.12 List of tables

Table 2.1 Geological summary for all magmatic units in the Qulong deposit

including published ages.

Table 2.2 Zircon SIMS U-Pb and oxygen isotope data for the aplite sample.

Table 2.3 Molybdenite Re-Os data

Table 2.4 Fluid inclusion assemblages (FIAs) and their respective

microthermometric data temperatures
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Figure 2.7
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Figure 2.13
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Chapter 2 Nature of ore-forming fluid

Table 2.3. Molybdenite Re-Os data

Wit Re 187Re 18705
Sample # @ (ppm) (ppm) t (ppb) + Age +*
313-460 0.014 143.32 1.08 90.08 0.39 24.17 0.09 16.11 0.06[0.08]
313-145 0021 6444 194 4050  0.15 10.86 003 1610  0.07[0.09]

001-640 0.010 10416 132 6547 0.33 17.56 0.08 16.10 0.07[0.09]
1605-334  0.039 22451 155 14111 047 37.64 0.10 16.01 0.06[0.08]
1605-155  0.018 22157 118 139.26 0.54 36.97 0.12 15.93 0.06[0.08]
1605-33 0.012 32360 227 20339 0.92 53.82 0.22 15.88 0.06[0.08]

I+
+
+

*Data are presented with (bracketed value) and without **’Re decay constant uncertainty

(Smoliar et al. (1996); Selby et al. (2007).
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Table 2.4. Fluid inclusion assemblages (FIAs) and their respective microthermometric

data temperatures
FIA _— - Thomogenization Salinity Ttrapping
No. Characteristics Homogenized to oC wt% NaCl equiv °C
Magmatic-hydrothermal transition
liquid-vapor two-phase and vapor- o 2@0 0 A
rich two-phase fluid inclusions liquid 340-360 °C 2-6 Wt 425
Potassic alteration stage
2 halite-bearing fluid inclusions liquid 419-436 50-52 wt% 425
halite-bearing fluid inclusions and halite 41-45 wt%
3 - . - dissolution 388-405 398
vapor-rich two-phase fluid inclusions 4-7 wt%
vapor
4 vapor-rich two-phase fluid inclusions liquid 385-400 1-6 wt% 390
5  vapor-rich two-phase fluid inclusions liquid 360-370 1-6 wt% 380
liquid-vapor two-phase fluid - ! R
6 inclusions, liquid 335-355 2-7 wt% 360
Propylitic alteration stage
liquid-vapor two-phase fluid - : 2w
7 inclusions liquid 335-360 1-7 wt% 365
liquid-vapor two-phase fluid - ) T
8 inclusions liquid 318-332 2-7 wt% 340
9 liquid-rich two-phase fluid inclusions liquid 270-290 2-11 wt% 290
Phyllic alteration stage
liquid-vapor two-phase fluid - : 2w
inclusions liquid 325-340 2-8 wit% 345
11 liquid-rich two-phase fluid inclusions liquid 295-310 3-9 wt% 310
12 liquid-rich two-phase fluid inclusions liquid 265-290 1-8 wt% 285
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Chapter 3

High precision U-Pb zircon and Re-Os molybdenite geochronology:
Implications for the magmatic-hydrothermal evolution of the world class

Qulong porphyry Cu-Mo system and global porphyry systems *

* A version of this chapter will be submitted to Earth and Planetary Science Letters,

co-authored with David Selby, Simon Tapster and Daniel Condon.



Chapter 3 High precision geochronology

3.1 Introduction

Metals forming porphyry copper deposits are derived from magma chamber
at the depth, and then are transported by magmatic fluids through porphyry stocks

to the shallow level (Sillitoe, 2010; Cooke et al., 2014). Although this model is

widely accepted, the timescale of this process is poorly constrained, with studies

suggesting tens of thousands years to several millions of years (Chiaradia et al.,

2014).

The wide distribution of igneous rocks in porphyry Cu systems permit
bracketing the timescale of ore formation via dating pre-ore and post-ore intrusions.
Traditionally, in-situ zircon U-Pb dates are used to establish the timeframe of
porphyry Cu systems and constrain the duration of ore formation (Sillitoe and

Mortensen, 2010; Deckart et al., 2012). However, limited by the precision of

microbeam analysis, the conclusions of these studies are controversial (Von Quadt

et al., 2011; Chiaradia et al., 2013; Chiaradia et al., 2014; Schalteqgger et al., 2015).

The development of high precision dating in recent years, e.g., CA-ID-
TIMS zircon U-Pb and ID-N-TIMS molybdenite Re-Os, makes it possible to refine

the timeframe and timescales of porphyry Cu systems (Chiaradia et al., 2013;

Chiaradia et al., 2014). High precision zircon U-Pb geochronology argue that the

lifetime of porphyry Cu deposits is at the tens to hundreds of kyr level with evidence

supporting multiple magmatic-hydrothermal episodes (Von Quadt et al., 2011,

Buret et al., 2016; Tapster et al., 2016b). These high precision dating studies are

supported by numerical simulation and quartz titanium diffusion modelling, which

suggest the duration of ore-formation is at several tens of kyrs (Weis et al., 2012;

Mercer et al., 2015).
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Chapter 3 High precision geochronology
The most direct constrains for the duration of ore-formation come from
dating the ore minerals. Applying high precision molybdenite Re-Os dating derived

a mineralization duration for the El Salvador porphyry Cu-Mo deposit of 0.6 myr

(Zimmerman et al., 2014), with the EI Teniente porphyry Cu-Mo deposit shown to
record multiple short-lived (<100,000 years) mineralization pulses over 1.7 myrs

(Spencer et al., 2015). At Los Pelambres Cu—(Mo) deposit, the molybdenite Re-Os

ages of the B veins are ~1 myrs younger than the ages of D veins and are interpreted
to record multiple-pulsed mineralization (Stein, 2014).

Multiple magmatic-mineralization pulses is evident for deposits with
prolonged duration of formation as demonstrated both by field observation (Sillitoe,

2010) and analytical approaches (Stein, 2014; Spencer et al., 2015). However, for

deposits with a shorter formation duration, it is not clear yet whether they are
formed consistently during the lifetime of the porphyry system or through multiple
intermittent pulses. Also questionable is the timescale of a single mineralization
episode, if multiple mineralization pulses are present. The answers for these
questions will aid our understanding of metal enrichment, e.g., are multiple
mineralization pulses necessary to form giant deposits, or is a prolonged
mineralization duration essential for economic deposits? Moreover, if multiple
magmatic-mineralization events are common in porphyry deposits, then it predicts
thermal resetting for chronometers with low closure temperatures for
thermochronology studies and leaves their interpretations problematic.

In this chapter, we test the spatial and temporal fluid evolution of the well-
studied Qulong porphyry system by employing zircon chemical abrasion isotope
dilution thermal ionization mass spectrometry (CA-ID-TIMS) U-Pb

geochronology and molybdenite isotope dilution negative thermal ionization mass
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Chapter 3 High precision geochronology
spectrometry (ID-N-TIMS) Re-Os geochronology with precisions of ~0.1 %.
Qulong only has one mineralization centre, which makes the deposit a relatively
simple and ideal candidate for the research proposed above. The data is used to
examine the spatial-temporal relationship between magmatism and mineralization.
In addition to addressing the timescale and thermal history of this system, we
further highlights the current understanding and future directions of high precision

chronology studies in porphyry copper.

3.2 Geological background

The Qulong porphyry Cu-Mo deposit is located in the Gangdese magmatic
belt (Fig. 3.1). This magmatic belt extends along the southern margin of the Lhasa
terrane and has long been recognized as a significant porphyry metallogenic

province (Zheng et al., 2004; Hou et al., 2009; Zheng et al., 2015). The belt records

a prolonged tectono-magmatic history that directly relates to the Neo-Tethyan
ocean northward subduction, the initial India-Asia collision, the Indian slab

breakoff, and intracontinental convergence (Wang et al., 2015; Zhu et al., 2015).

The Gangdese magmatic belt hosts a large number of small-volume granites and
lava flows, which intruded or erupted between ~30 and 9 Ma (Fig. 3.1). Despite the
good preservation and exposure of these Oligo-Miocene shallow crustal volcanic
sequences and subvolcanic plutons, the central and western parts of the Gangdese
magmatic belt are almost bereft of mineralization, and the majority of the known
Cu-Mo-Au porphyry deposits are located within the eastern part of the belt (Fig.

3.1) (Hou et al., 2009; Richards, 2015; Wang et al., 2015).

The eastern part of the Gangdese magmatic belt is termed the Gangdese

Porphyry Copper Belt which contains >20 porphyry copper systems that formed in
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Chapter 3 High precision geochronology

a post-collisional (India-Asian) tectonic setting (Hou et al., 2009; Richards, 2015;

Zheng et al., 2015). Of these porphyry copper systems, 8 of them have Cu metals

excess of 0.5 Mt, with Qulong being the largest no only in this belt, but also in

China and hosts ~11 Mt Cu and >0.5 Mt Mo (Hou et al., 2009; Yang et al., 2009;

Zheng et al., 2015; Li et al., 2016). The porphyry Cu systems of the Gangdese

magmatic belt are predominately temporal and spatial associated with mid-Miocene
(11.2 - 19.7 Ma) monzogranitic and quartz monzonitic plutons and stocks, which

possess an adakitic geochemical affinity (Hou et al., 2009; Wang et al., 2015; Zheng

et al., 2015). The origin of the associated magmas is attributed to partial melting of

a thickened basaltic lower-crust (Hou et al., 2004; Hou et al., 2009; Wang et al.,

2014; Richards, 2015). Throughout the belt the porphyry Cu systems predominantly

show a strong spatial association with North-South striking normal fault systems

(Wang et al., 2014; Wang et al., 2015).

3.2.1 Miocene intrusive units at Qulong
The Qulong porphyry Cu-Mo deposit is spatially associated with the
Rongmucuola pluton, and aplite, P porphyry, X porphyry, two stages of breccia,

and quartz diorite units (Fig. 3.1) (Zheng et al., 2004; Yang et al., 2009; Hu et al.,

2015; Yang et al., 2015; Li et al., 2016; Zhao et al., 2016). The geology of the

Qulong system is been described in detail by previous studies, which we discuss
below. The predominate host to the mineralization at Qulong is the Rongmucuola
pluton. This pluton intruded into the Jurassic volcanic and intrusive rocks. It has a
surface exposure of ~8 km? and via drill core evidence is known to exist to a depth
of >2 km (Fig. 3.1A). The Rongmucuola pluton is zoned, with composition varying

from granodiorite to biotite monzogranite from east to west (Fig. 3.1) (Yang et al.,
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2009; Li et al., 2016; Zhao et al., 2016). Despite this compositional variation, the

entire pluton possesses a similar mineralogy (plagioclase, K-feldspar, quartz and
biotite), however mineralization is only present in the western Rongmucuola pluton
(Fig. 3.1A).

The western Rongmucuola pluton is cut by small aplite dikes, the P
porphyry, the X porphyry and the breccia pipe. The relative chronology of these
units defined by crosscutting relationships is presented in Figure 3.2A (Yang et al.,

2009; Hu et al., 2015; Yang et al., 2015; Li et al., 2016; Zhao et al., 2016). The

aplite has limited distribution in the drill cores and occurs as discontinuous (several
to tens of centimetres wide) fracture controlled dikes which is only observed to have
intruded into the Rongmucuola pluton. The aplite dykes are characterized by
intergrowths of fine-grained (~1 mm) anhedral alkali feldspar and quartz with

disseminated magnetite and pyrite (Yang et al., 2009; Li et al., 2016).

The P porphyry was emplaced into the centre of the western Rongmucuola
pluton (Fig. 3.1A). No crosscutting relationship has been observed between the P

porphyry and aplite units (this study; (Yang et al., 2009; Li et al., 2016; Zhao et al.,

2016). The P porphyry has an exposure area of ~0.5 km? and extends to a depth
of >1.8 km. The P porphyry is monzogranite in composition (plagioclase, quartz,
K-feldspar), and occurs in the centre of the Qulong porphyry system (Fig. 3.1B)

(Yang et al., 2009; Hu et al., 2015; Li et al., 2016; Zhao et al., 2016).

The X porphyry cross cuts both the western Rongmucuola pluton and the P

porphyry (Fig. 3.1B, Zhao et al., 2016), and has only a limited distribution only

being presence at shallow levels (value) as discontinuous irregular dikes with

variable thickness from a few centimetres to 0.5 m (Yang et al., 2009). The X

porphyry possesses a similar composition with that of the P porphyry, with the
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exception to its biotite content (3-5 % in the X porphyry vs <3 % in the P porphyry)

(Yang et al., 2009).

A hydrothermal breccia pipe (~100 m in diameter) is observed to only cross
cut the Rongmucuola pluton (Fig. 3.1B). The breccia pipe contains two stages of
breccia formation. The first stage breccia comprises clasts (<2 cm) of the
mineralized and hydrothermally altered Rongmucuola pluton and the X porphyry

(Yang et al., 2009). The second stage breccia cross cuts the first stage breccia and

is characterized by fragments (1 — 10 cm) of mineralized and hydrothermally altered
Rongmucuola pluton. A cement of a monzogranite composition is characteristic to

both breccias (Yang et al., 2009).

The cessation of magmatism at Qulong is marked by a quartz diorite
(plagioclase, quartz and hornblende), which intrudes the Rongmucuola pluton (Fig.
3.1B) as discontinues dikes with a thickness of 2 - 6 m. The quartz diorite has only
been documented in drill cores in the centre of the deposit. This intrusion exhibits
no to only limited alteration, which is typically shown by plagioclase phenocrysts,
which in some cases show alteration of the crystal rims to calcite-chlorite-sericite

and clay minerals (Yang et al., 2015).

3.2.2 Alteration and mineralization at Qulong

Mineralization is predominately (>80 %) hosted by the western
Rongmucuola pluton. Drill core logging indicates that the bulk of the metals are
directly associated with potassic stage alteration assemblages, though propylitic and
phyllic alteration assemblages also contain Cu-Mo mineralization (Yang et al.,

2009; Li et al., 2016). The most intensive potassic stage alteration exists in the

central part of the deposit and is spatially associated with the P porphyry and the N-
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S trending fault system. The less intensive potassic alteration assemblages extend
from the centre of the deposit and is widely distributed in the western Rongmucuola
pluton. Propylitic alteration assemblages predominately occur in the distal part of
western Rongmucuola pluton, and overprint the potassic alteration assemblages.
Phyllic alteration assemblages also widely distribute in the deposit, and almost
overprint all earlier stage (potassic, propylitic) alteration assemblages (Yang et al.,

2009; Li et al., 2016; Zhao et al., 2016). The Cu-Mo metals grades of the orebody

exhibit concentrically zoned patterns around the P porphyry (Yang et al., 2009) and

the N-S trending fault. Currently, with the small size and limited distribution of the
aplite and the X porphyry, the P porphyry has been suggest as the main magmatic-

hydrothermal fluid conduit at Qulong (Yang et al., 2009; Hu et al., 2015; Li et al.,

2016; Zhao et al., 2016).

The ore minerals at Qulong are chalcopyrite and molybdenite, which are
hosted by quartz vein assemblages in the western Rongmucuola pluton (Yang et al.,

2009; Li et al., 2016). With the exception of barren quartz-biotite and biotite veins

(generally 2 mm wide), mineralized quartz veins (0.5 - 3 cm wide) bearing potassic
alteration selvages (K-feldspar, biotite-feldspar-quartz) are characterized by

chalcopyrite and molybdenite (Li et al., 2016). Quartz veins (0.7 - 5 cm wide)

bearing propylitic alteration assemblages (chlorite-dominated and in some cases
contain pink anhydrite) comprise variable proportions of pyrite, chalcopyrite and

molybdenite (Yang et al., 2009; Li et al., 2016). The mineralization possessing

propylitic assemblages are apparently less abundance than that of the potassic

alteration stage (Yang et al., 2009; Li et al., 2016). Phyllic alteration assemblages

are poor mineralized, and are characterized by veinlets comprising pyrite, sericite,

anhydrite that are spatially associated with minor chalcopyrite and molybdenite (Li
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et al., 2016). Alteration and sulphide minerals of the phyllic alteration stage are

generally fine-grained (0.5 - 3 mm), but occasionally include coarse-grained (0.5 -

1 cm) euhedral pyrite and anhydrite crystals (Li et al., 2016). The mineralization

characteristics are discussed in further detail in relation to the sample set utilised

for Re-Os molybdenite geochronology in section 3.1.

3.2.3 Previous Geochronology
The Qulong porphyry Cu deposit has been studied extensively with the aim
to establish the timing of magmatism, mineralization and thermal history (Hou et

al., 2004; Wangq et al., 2006; Yang et al., 2009; Hu et al., 2015:; Yanqg et al., 2015;

Li et al., 2016; Zhao et al., 2016 and references therein). These studies established

the timeframe of Qulong (Fig. 3.2A) via LA-ICPMS/SHRIMP/SIMS (U-Pb zircon)
and ID-ICPMS (Re-Os molybdenite). These dates are presented in Figure 3.2B and
Table 3.1-3.2.

The U-Pb zircon systematics from the Rongmucuola pluton yield dates from

19.5 + 0.4 Ma (Yang et al., 2009) to 16.4 + 0.4 Ma (Wang et al., 2006), with a

weighted mean 2%Pb/?*8U age of 17.2 + 1.8 Ma (2 SD, n = 243, LA-ICP-MS), and
16.5+2.2 Ma (2 SD, n = 38, SHRIMP). No age difference is observed between the
eastern and western Rongmucuola pluton based on the zircon LA-ICPMS data

(Zhao et al., 2016).

Zircon LA-ICP-MS and SHRIMP 2%Ph/238U ages of 16.2 + 0.4 (Zhao et al.

2016) and 17.58 + 0.7 Ma (Hou et al., 2004), respectively are reported for the P

porphyry. Zircon grains from the X porphyry yield a weighted mean LA-ICPMS

20pp/28y  age of 159 + 04 Ma (Zhao et al, 2016). The

emplacement/crystallization age of the aplite has not been constrained. This is

89



Chapter 3 High precision geochronology
because the U-Pb systematics exhibit only inheritance from Jurassic zircons (Li et
al., 2016). However, the minimum emplacement age of the aplite has been
estimated as 16.11 + 0.08 Ma via Re-Os dating of molybdenite within a cross

cutting A-type quartz vein with discontinue K-feldspar selvage (Li et al., 2016).

The U-Pb systematics of zircons from the post-ore quartz diorite yield LA-ICPMS

and SIMS 2%pp/238U age of 15.7 + 0.2 Ma (Yang et al., 2015) and 15.3 + 0.3 Ma

(Zhao et al., 2016), respectively.

Published molybdenite Re-Os dates are presented by 4 studies, which have

focused on molybdenite from the Rongmucuola pluton (Meng et al., 2003; Zheng

et al., 2004; Li et al., 2005; Wang et al., 2006). The Re-Os molybdenite dates range

from 16.85 + 0.20 Ma to 15.36 + 0.22 Ma (age uncertainties include 0.35 %

uncertainty in the decay constant of Smoliar et al. (1996). The previous Re-Os
molybdenite dates suggest a mineralization duration of 1.49 = 0.29 myrs. In
addition, the timing of mineralization at Qulong has also been constrained from Ar-
Ar dating of hydrothermal biotite from a potassic alteration selvage and sericite
from a phyllic alteration selvage. Both biotite and sericite yield identical Ar-Ar

plateau ages of 15.7 + 0.2 Ma (Zhao et al., 2016).

As illustrated in Figure 3.2B, the emplacement ages of the intrusions
constrained by in-situ U-Pb zircon dating have uncertainties of 0.6-2.2 Ma, and the
mineralization ages constrained by ID-ICPMS molybdenite Re-Os dating have
uncertainties of 0.20-1.94 Ma, which equates to uncertainties of 3.8-13.8 % and
1.3-12.1 %, respectively for the Qulong porphyry system. Although the previous
studies provide a basic framework for the formation time of Qulong, the age data
and their subsequent utility to precisely define the magmatic and mineralization

event(s) and duration are hampered by the poor precision of the data.

90



Chapter 3 High precision geochronology

3.3 Samples and Methods

To provide robust and precise time constraints for the Qulong porphyry Cu-
Mo system, high precision CA-ID-TIMS zircon U-Pb geochronology (Condon et

al., 2015; McLean et al., 2015) and ID-NTIMS molybdenite Re-Os dating (Markey

et al., 2007; Zimmerman et al., 2014; Chelle-Michou et al., 2015; Spencer et al.,

2015) are employed.

3.3.1 Samples

Representative samples of the western Rongmucuola pluton, P porphyry,
and the quartz diorite were collected from drill core to conduct CA-ID-TIMS zircon
U-Pb geochronology. The Rongmucuola pluton sample (1605-296) exhibits only
minor hydrothermal alteration and mineralization, e.g., rims of the biotite and
plagioclase are altered to sericite, and the groundmass possesses minor
disseminated pyrite. The P porphyry is extensively hydrothermally altered and
overprinted by multiple alteration assemblages. Sample (001-550) of the P
porphyry possesses K-feldspar phenocrysts that exhibit an embayed morphology,
with the groundmass displaying different degrees of hypogene alteration as a result
of either complete or partial destruction of plagioclase feldspar to sericite/clay, and
biotite to chlorite. The quartz diorite sample (1605-81) only exhibits minor
alteration of rims of the plagioclase phenocrysts, which has been altered to calcite-
chlorite-sericite and clay minerals. A previous study showed that the aplite contains
only inherited Jurassic zircons, and therefore was not selected for further study (Li

et al., 2016). The X porphyry has only been observed in drill core. The drill core

has been completely exhausted of all the X porphyry by previous studies. As a result,
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no material of the X porphyry is available for U-Pb zircon CA-ID-TIMS
geochronology.

Thirteen molybdenite-bearing quartz veins are selected to conduct high
precision ID-NTIMS Re-Os geochronology. The quartz veins of these samples are
identical to those used to constrain P-T-X conditions of the fluids associated with

the vein formation via a fluid inclusion study (Li et al., 2016). Of the 13 quartz

veins, twelve veins are hosted by the western Rongmucuola pluton, with one vein
being hosted by an aplite dyke. No quartz veins bearing molybdenite were observed

in the P porphyry of this study nor have been documented (Yang et al., 2009).

The sampled quartz veins are classified as A, B and D veins based on

previous studies (Yang et al., 2009; Li et al., 2016) and by following the vein

terminology/classification of Gustafson and Hunt (1975) and (Sillitoe, 2010) (Fig.
3.3C). Three veins are classified as A veins, 7 veins are classified as B veins and
the remaining 3 veins are D veins. Representative A, B and D veins are illustrated
in Figure 3.3. The molybdenite in these veins is fine grained (<3 mm, and typically

<1 mm) and are closely associated with the vein quartz (Li et al., 2016).

A veins are characterized by a 0.3 - 0.8 cm wide discontinuous granular
quartz veinlets with narrow (< 3 mm) K-feldspar selvages. These veins host
disseminated chalcopyrite and molybdenite (Fig. 3.3A). B veins are represented by
veinlets (0.4 - 2 cm wide) comprising crystalline quartz with suture in the centre,
and possess irregularly distributed K-feldspar selvage. The sulphide mineralization
(molybdenite + chalcopyrite) is predominantly presence along the margin of the
quartz vein (Fig. 3.3B). D quartz veins (0.5 - 6 cm) host euhedral pyrite, with
sericite and anhydrite (0.1 and 1.5 cm) selvages (Fig. 3.3D). Minor chalcopyrite

and molybdenite are disseminated within these veins.
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3.3.2 CA-ID-TIMS zircon U-Pb analytical protocols
The methods for U-Pb geochronology are the same as previously

documented by Tapster et al. (2016a). Mineral separation was carried out at the

NERC Isotope Geosciences laboratory (NIGL), British Geological Survey (BGS),
Nottingham, UK. Zircons were isolated from a ~1.5 kg drill core sample. After
washing, samples were jaw crushed, disc milled and sieved (<355 um mesh). Heavy
minerals were concentrated using a Rogers table, Frantz electromagnetic separator
and heavy liquids (diiodomethane). Zircon grains were then handpicked under a
binocular microscope and mounted in epoxy, and then polished with a 0.25 pm
diamond paste and finished at near-equatorial sections.

The mounts were coated with carbon for CL imaging, which was conducted
with a Hitachi SU-70 FEG SEM at Durham University. Examination was carried
out at 10-15 kv accelerating voltage with a beam current of 1.63 nA at 16.8 mm
working distance under a high vacuum mode. Secondary electron images were
taken using the same accelerating voltage and working distance, but at a lower beam
current (0.6 nA).

Zircon grains without inclusions are no indication of inheritance (Fig. 3.8)
are removed from the mounts and then individually thermally annealed in quartz
crucibles at 900 °C for ~60 hours as part of the chemical abrasion process

(Mattinson, 2005). The zircons were then individually ultrasonically cleaned in

warm 4N HNOs, and further rinsed with 4N HNOs and ultrapure acetone. The
chemical abrasion is continued by loading the zircons individually into 300 pl FEP
Teflon microcapsules with 29 N HF with trace 4N HNOz3. The microcapsules were

placed in a self-sealing Parr™ vessel at ~180 °C for 12 hours (Mattinson, 2005).

93



Chapter 3 High precision geochronology
The leachate was removed, with the zircon fractions rinsed in 4N HNOs3, fluxed in
6N HCI at ~80 °C for several hours or overnight, and further rinsed in 4N HNOa.
The leached zircons were spiked with the mixed 202Pb-2%pp-23U-23°y

EARTHTIME tracer solutions (ET2535, Condon et al., 2015; McLean et al., 2015)

before dissolution with ~120 pl of 29N HF and trace HNOs in parr™ vessels at
~220 °C for 60 hours. Solutions of the equilibrated spike and dissolved zircon were
evaporated and re-dissolved in Parr™ vessels overnight in 3N HCI at 180 °C.
Uranium and Pb were separated by standard HCI-based anion-exchange chemistry
(Krogh, 1973) and evaporated to dryness with 2 ul of 0.05N H3zPOa.

Uranium and Pb were loaded together on a single zone refined Re filament

in a silica gel-phosphoric acid matrix (Gerstenberger and Haase, 1997). Isotope

ratios were measured using a Thermo-Electron Triton Thermal lonization Mass-
Spectrometer. Lead isotopic compositions was measured by peak-hopping on a
secondary electron multiplier detector (SEM). Uranium isotopic compositions were
made in static Faraday mode on Faraday detectors equipped with 102 Q resistors
for intensities greater than 4 mV or SEM peak hopping mode for low-U samples.
Linearity characterization and dead time corrections (Pb = 24.5 ns; U = 22 ns) for
SEM measurements were made from long-term monitoring of the NBS 982, NBS
981 and U 500 standards.

Isotope measurements were processed using the TRIPOLI software package

(Bowring et al., 2011). Data reduction, error propagation, data calculation and

presentation were conducted using ET_Redux and related algorithms (McLean et

al., 2011). Mass bias for Pb was corrected with real-time 2°2Pb/?®Pb ratios (Condon

et al., 2015; McLean et al., 2015). Uranium was run as an oxide (UOy), and

corrected for isobaric interferences using a 80/*°0 value of 0.00205. U mass
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fractionation was calculated in real-time based on the isotopic composition of the

tracer solutions. Decay constants are from Cheng et al. (2000) for 2°Th, Jaffey et

al. (1971) for 28U and 2*°U, and the 238U/*°U of Hiess et al. (2012).

All common Pb (Pbc) was attributed to an isotopic composition of the NIGL
laboratory blank of 2°°Pb/2%4Pb = 18.099 + 3.02 %, 2°’Pb/?%*Pb = 15.545 + 1.758 %
and 2%8Pb/2%4Pph = 37.824 + 2.814 % (20 uncertainties) for the analytical period. The
high radiogenic Pb compared with common Pb in these zircon grains gives
confidence that dates are robust (Table 3.4). The U blanks were assigned a value of
0.1 £ 0.02 pg (20) based upon total procedural blanks.

The preferential inclusion of 23U and exclusion of 2°Th during zircon
crystallization (Schérer, 1984), and thus eventual deficit in 2°°Pb (younger apparent
dates), was accounted for based upon the Th/U of the melt at the time of zircon

crystallization (Schérer, 1984) as represented by the Th/U of the bulk samples

(Yang et al., 2009), and the Th/U of individual zircon fractions analysed by ID-

TIMS that derived initial Th from the 2°Pb measurement and date.
The Th/U values of the Rongmucuola pluton, the P porphyry and the quartz

diorite are 4.0, 3.6 and 5.0, respectively (Yang et al., 2009). These values are used

with an uncertainty of = 2 (2 o) to correct the 2°Th disequilibrium and yield the
best age estimate of the zircons. The Th/U values of individual zircons may vary
due to fractional crystallization, partition coefficients, temperature and oxidation

state (Rubatto and Hermann, 2007; Luo and Avyers, 2009; Burnham and Berry,

2012). To account for all these complexities, we further investigate the sensitivity
of the Th/U correction by varying the Th/U values within geologically feasible
values (1 — 7, Table 3.3). As demonstrated by using the youngest group of 3 zircon

dates from the P porphyry (Fig. 3.4), over a range of Th/U = 2-7, the inferred
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emplacement age varies by less than 40 kyrs, with statistically acceptable MSWD
values (e.g., <1.5, Fig. 3.5) maintained throughout. With Th/U of 2 - 7, the corrected
ages only shift within ca. 20 kyr from the best age estimate and overlap within
uncertainty (Fig. 3.4). Only at magmatic Th/U values approaching unity is a
significantly younger date determined that appreciably differs from our preferred
value. However, given that the Th/U values of the Rongmucuola pluton, the P

porphyry and the quartz diorite are 4.0, 3.6 and 5.0, respectively (Yang et al., 2009),

correcting for initial ?®°Th disequilibrium using a Th/U <I is a geologically

unreasonable assumption.

3.3.3 ID-NTIMS molybdenite Re-Os
The molybdenite separation and Re-Os dating methods are adopted from

previous studies (Selby and Creaser, 2001; Lawley and Selby, 2012). Molybdenite

(0.3 - 3 mm grain size) bearing quartz veins were selected based on previous

petrography and fluid inclusion study (Li et al., 2016), and then cut into several

parts depending on molybdenite concentrations (Fig. 3.6). The vein fractionations
were then individually crushed by an agate pestle to 5 mesh and then handpicked
under a binocular microscope to remove non-molybdenite bearing phases and to
examine the genetic association between quartz and molybdenite. The pre-purified
materials were loaded into Teflon beakers with 10 ml 32 N HF to dissolve quartz

at room temperature overnight (Lawley and Selby, 2012). This step was repeated

until all the molybdenite are liberated. The molybdenite were rinsed with MQ three
times and further rinsed with ethanol, and then dried at ~35 °C. The concentrated

molybdenite aliquots were further purified (removal of any pyrite / chalcopyrite)
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by hand under a binocular microscope. The purity of the mineral separate was better
than 95 %.

For molybdenite digestion, a known amount of molybdenite (>20 mg) and
spike solution (**°Re plus isotopically normal Os) was loaded into a Carius tube
with 3 ml 15.5 N HCl and 6 ml 16 N HNOg, sealed and digested at 220 °C for ~24
hours. Osmium was isolated from the acid medium using solvent extraction (CHCI5)
at room temperature and further purified by micro-distillation. The rhenium fraction
was separated by NaOH-acetone solvent extraction and standard anion column
chromatography. Rhenium and Os were loaded on to Ni and Pt filaments,
respectively. The isotopic compositions were measured by negative thermal

ionization mass spectrometry (N-TIMS) (Creaser et al., 1991). The mass

spectrometer analysis were conducted on a Thermo Scientific TRITON mass
spectrometer at Durham University, with Re and Os isotope compositions measured
using static Faraday collection mode. The Re and Os isotope composition analytical
uncertainties were propagated with spike calibrations, sample and spike weighting
uncertainty, reproducibility of Re and Os isotope standard values, as well as blank
abundances and isotope compositions. During this study, Re and Os blanks were 4
pg and <1 pg, respectively, with a *¥70s/*¥0s of 0.24 + 0.01 (n = 6). The high
rhenium and osmium abundance (see results) in these samples results in negligible
blanks correction (<0.035 %). The molybdenite Re-Os model age was calculated
using the equation t = In (*¥’0s/*®'Re + 1)/A, in which A is the decay constant

(Smoliar et al., 1996). The variations of the model ages between the ¥’Re decay

constants of (Smoliar et al., 1996) and (Selby et al., 2007) is ~0.008 Ma, which is

at the similar level with the analytical uncertainty.
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To evaluate the accuracy and reproducibility of the analytical approach, the
Henderson molybdenite reference material (RM8599) were run during the course
of this study. Nine analyses of RM8599 during this study yield a weighted mean of
27.695 +0.038 (20, n =9, Table 3.4, Fig. 3.7), which is in good agreement with the

recommended value 27.656 + 0.022 Ma (Markey et al., 2007; Zimmerman et al.,

2014), and previous analysis at Durham (Lawley and Selby, 2012).

A further consideration, although negligible (Selby and Creaser, 2001; Stein

et al., 2001; Stein, 2014), is the presence of common *¥’Os in the molybdenite,

which is not accounted for by the analytical method using a tracer solution with a

normal Os isotope composition (Selby and Creaser, 2001; Markey et al., 2007).

However, a body of evidence shows that the levels of common *¥7Os in molybdenite

are <~23 ppt, and typically < 6 ppt (Stein et al., 2001; Stein, 2014; Zimmerman et

al., 2014; Spencer et al., 2015). These levels of common *¥’Os will only alter the

model ages of this study by 1-10 kyrs (with 33 of the 42 dates <3 kyrs). Further,
our approach of obtaining multiple ages for several individual molybdenite
separates from single vein, which yield reproducible ages, support the negligible
presence of common #’Os in molybdenite of the Qulong porphyry system (Table

3.6) (Stein, 2014).

3.4 Results

The U-Pb zircon and Re-Os molybdenite data are presented in Tables 3.5
and 3.6, and Figures 3.9 and 3.10. The uncertainties of U-Pb and Re-Os dates are
presented as age + x/y/z (internal/+tracer calibration/+decay constant uncertainties).

The weighed mean date is determined from the youngest populations from each
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sample (zircon and molybdenite), with the cause of any scatter evaluated by mean

square weighted deviates (MSWD) value (Wendt and Carl, 1991).

3.4.1 Zircon U-Pb geochronology

The 8 zircons from the Rongmucuola pluton yield 2°°Pb/?*8U dates of ca.
17.975 - 17.057 Ma. The youngest date obtained from a single analysis is 17.057 +
0.053/0.053/0.056 Ma, yet this date lacks the robustness of reproducibility. As such
the preferred interpretation for the emplacement age is taken from the weighted
mean date of 17.142 + 0.014/0.014/0.023 Ma, calculated from the youngest cluster
of dates that form a statistically acceptable population (MSWD =1.12; n = 3). The

older dates are interpreted as protracted zircon crystallisation in a large upper

crustal magma chamber (Buret et al., 2016) and/or incorporation of inheritance.

Seven analyses from the P porphyry yield 2°Pb/?®U dates between 16.115
and 16.009 Ma. The analyses display two age groups that provide statistically
distinguishable weighted mean dates of 16.065 + 0.016/0.016/0.024 (n = 4; MSWD
=1.5) and 16.009 + 0.016/0.017/0.024 (MSWD = 0.90; n = 3). The younger zircon
group includes two fragments of a single elongate prismatic zircon grain (z4A and
z4B, Fig. 3.8) which yield almost identical ages. This indicates within sample
consistency of the U-Pb systematics. We consider the age of the older group of
zircons to record the onset of crystallization for the P porphyry, with the age of the
younger group being the best estimate for the emplacement age of the P porphyry.
If this is correct, the U-Pb dates suggest that the duration of the crystallization of
the P porphyry is 55 + 23 kyrs.

Seven zircons from the post-ore quartz diorite yield 2°Pb/?®U dates of

15.189 - 15.116 Ma (Fig. 3.9). Six of the analyses yield a weighted mean date of
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15.166 £ 0.010/0.011/0.020 (MSWD = 1.67) and is taken as the best estimate of the
emplacement age. The oldest analyse likely reflects incorporation of xenocrystic

and/or antecrystic zircon growth.

3.4.2 Molybdenite Re-Os geochronology

In total 13 veins were utilised for Re-Os molybdenite geochronology. For
10 veins, between 2-7 individual molybdenite separates were obtained for each vein.
Overall, the Re abundances of the molybdenite samples range from 60 to 504 ppm,
with the majority (>80%) possessing between 210 and 504 ppm (Table 3.6). The
1870s contents range from 10 to 85 ppb.

For the 10 veins with multiple molybdenite separates (Table 3.6), 8 veins
possess relatively similar Re abundances along the vein, with the remaining 2 veins
exhibiting considerable variations, e.g., 274 - 454 ppm, 137 - 232 ppm (Veins;
Table 3.6). Given that the molybdenite samples used in this study are pure separates
(>95 %), it is unlikely that the variations observed in Re abundance are caused by
variable digestions of none-molybdenite phases, e.g., quartz, chalcopyrite and
pyrite. The exact reason for the variations in Re abundance is unknown. The
samples in question are fine grained (<3 mm). Regardless of variations in Re
concentration in the molybdenite along the vein, model ages of multiple analyses
of that vein overlap within uncertainty. As such, a weighted average is calculated
for these veins to provide the best estimate of the age of the vein. This approach is
analogous to zircon U-Pb methodology. This approach demonstrates the
consistency of the Re-Os systematics along a single vein, and suggests that the

molybdenite vein is a single mineralization event within analytical uncertainty.
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The weighted average Re-Os model dates range from 16.126 to 15.877 Ma

and possess MSWD values between 0.43 and 5.0 (Fig. 3.10). With the exception of
sample 1605-33 vein, all veins yield acceptable MSWD values for the number of
analyses and suggest the main control of the uncertainties is analytical (Wendt and

Carl, 1991; Ludwig, 2003). As such we interpret the weighted means as veins

formation ages, with the exception of sample 1605-33 (Fig. 3.10) which we
consider the dataset to represent multiple generations of molybdenite that are not
recognized petrographically. For samples 1605-33, the youngest two analyses yield
a weighted mean of 15.860 Ma with an MSWD value of 0.021. We interpret this
age as the minimum formation age of the vein. For 3 veins with one analyse, given
the confidence of data reproducibility from multiple analyses of the single vein, the
data are interpreted as vein formation ages.

The vein formation ages span from 16.126 + 0.008/0.060/0.077 (n = 3,

MSWD = 1.9) to 15.860 + 0.010/0.058/0.075 Ma (n = 2, MSWD = 0.021) and do
not form one population (Fig. 3.10). Ages of A, B and D veins vary from 16.126 +
0.008/0.060/0.077 (n = 3, MSWD = 1.9) to 16.040 + 0.007/0.058/0.075 Ma (n = 4,
MSWD = 0.69), from 16.107 + 0.015/0.065/0.082 (n = 1) to 15.939 +
0.006/0.058/0.075 Ma (n = 4, MSWD = 1.6), and from 16.088 + 0.007/0.059/0.076
(n =3, MSWD = 1.6) to 15.860 + 0.010/0.058/0.075 Ma (n = 2, MSWD = 0.021),

respectively. No relationship is observed between age and vein type, although the

A veins as a whole are older than B and D veins (Fig. 3.11).

3.5 Discussion
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3.5.1 A refined chronology of the Qulong porphyry system
The CA-ID-TIMS zircon U-Pb geochronology of this study provides
significant improvements on the accuracy and precision of the dated intrusions at
Qulong. Our U-Pb data constrain the emplacement age of the Rongmucuola pluton,
P porphyry and quartz diorite to 17.142 * 0.014/0.014/0.023, 16.009 +
0.016/0.017/0.024, 15.166 + 0.010/0.011/0.020 Ma, respectively. Our new dates
support the relative chronology based on field observations (Fig. 3.2A) and also the
data determined via in-situ U-Pb zircon techniques (Fig. 3.2B), but with a much
higher precision/temporal resolution of ~0.1 %. We suggest that the uncertainties
for the in-situ zircon dates come from analytical issues, e.g., U and Pb fractionation,
matrix effects, common lead, standard heterogeneity, data reduction and sample
problems, e.g., lead loss, inheritance. As a result this study supports the issues of

over interpreting low precision data as previous discussed (Von Quadt et al. (2011);

Schaltegger et al. (2015), and we reiterate that CA-ID-TIMS is necessary for

resolving the magmatic timescale of young porphyry deposits, such as Qulong.
Field relationships show that the Rongmucuola pluton is pre-ore and is the

oldest Miocene intrusion at Qulong. Additionally, the quartz diorite clearly post-

dates mineralization, and no further evidence of magmatism is documented or

observed (Yang et al., 2009; Hu et al., 2015; Yang et al., 2015; Li et al., 2016). In

this regard, the new U-Pb dates of the Rongmucuola pluton and the quartz diorite
constrain the duration of magmatism to 1.976 + 0.017 myr.

Between the emplacement of the P porphyry and the quartz diorite (0.843 +
0.019 myr), field relationships show that the X porphyry, followed by two stages of
breccia, were emplaced (Fig. 3.2A). The aplite is only observed in the

Rongmucuola pluton, and previous U-Pb zircon geochronology only showed
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evidence of inheritance. However, based on a Re-Os molybdenite date from an A-
type quartz vein cutting the aplite, the minimum emplacement age of the aplite is
16.126 £ 0.077 Ma (sample 313-145, discussed below, Table 3.6; Fig. 3.10). Given
the onset crystallization age of the P porphyry is 16.065 £ 0.024 Ma, the aplite is at
least 0.061 = 0.081 myr older, and by inference, we consider the aplite predates the
P porphyry. Further, based on the minimum age of the aplite, the aplite could be up
to ~1 myr younger than the Rongmucuola pluton.
Existing Re-Os dates have appreciable uncertainties of 1.3 - 12.1 %, which
is predominately due to the analytical challenges during the early stages of Re-Os
studies, e.g., imprecise determinations of the stoichiometry of Os salts use for

calibration of spikes (Yin et al.,, 2001), and ICP-MS analysis (Stein, 2014).

Nevertheless, the nominal Re-Os dates from the previous studies suggest that the
timing of mineralization occurred between 16.85 + 0.20 and 15.36 = 0.22 Ma,
proposing a 1.49 + 0.29 myr duration for mineralization.

The Re-Os dates of this study coincide with the majority of the dates from
previous studies. However, the Re-Os dates of this study are considerably more
precise (~0.1 %) (Fig. 3.10) and suggest that the bulk of the mineralization occurred
between 16.126 + 0.008 and 15.860 + 0.010 Ma. Our new Re-Os dates propose that
the main phase of mineralization had a duration of 266 + 13 kyr. Although the
sample set used here, to our best knowledge, is representative of the mineralization

of the Qulong system (e.g., vein types and alteration) (Li et al., 2016), there is no

absolute geological evidence to exclude the presence of mineralization beyond this
interval. In addition, the youngest Re-Os age of this study agrees with the biotite

and sericite Ar-Ar plateau ages of 15.7 = 0.2 Ma (Zhao et al., 2016), and indicates

that if mineralization postdates this time it is minor or that the temperature of the

103



Chapter 3 High precision geochronology
hydrothermal fluid was below that of the Ar-Ar closure temperature (~300 °C)

(Chiaradia et al., 2014). To summarize, we suggest the main mineralization at

Qulong was formed within 266 + 13 kyr between 16.126 + 0.008 and 15.860 +

0.010 Ma.

3.5.2 Integrating magmatic and hydrothermal timescales
Previous genetic models at Qulong assume all the mineralization at Qulong

were precipitated following the emplacement of the P porphyry (Yang et al., 2009;

Hu et al., 2015; Li et al., 2016; Zhao et al., 2016) based on the field observations,

e.g., the close spatial association between P porphyry and high grade ore (Zheng et

al., 2004; Yang et al., 2009), and chronology evidence, e.g., the ages of the P

porphyry and mineralization overlaps within uncertainties (Fig. 3.2B).

With all uncertainties propagated, 3 of the 16 published Re-Os dates are
older than the emplacement age of P porphyry, but all are younger than the
emplacement age of the Rongmucuola pluton (Table 3.2). These data agree with
the field observations that all mineralization at Qulong postdate the Rongmucuola
pluton and predate the quartz diorite. Outside any analytical issues, the three Re-Os
dates predate P porphyry further imply a phase of mineralization before the
emplacement of P porphyry, which is likely associated with either the
Rongmucuola pluton, the aplite or unexposed intrusions.

The genetic model of porphyry deposits suggests the metals from the

magma chamber are transported through porphyry stocks (Sillitoe, 2010; Richards,

2011; Kouzmanov and Pokrovski, 2012; Cooke et al., 2014). At Qulong, the P

porphyry is the only observed porphyry stock that can be regarded as a conduit for

hydrothermal fluids released from a magma chamber. This implies all the
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mineralization should be younger than the emplacement age of P porphyry, if we
assume all metals are transported through the P porphyry. Comparison of the high
precision molybdenite Re-Os with the zircon U-Pb dates of the P porphyry shows
that only molybdenite from sample 313-145 (hosted by aplite) is older than the P
porphyry (Fig. 3.10). Seven other molybdenite samples possess dates that are
nominally older, but overlap within uncertainties of the P porphyry U-Pb zircon
systematics (Fig. 3.10). The remaining molybdenite samples (n = 5) all yield Re-
Os dates that are younger than the P porphyry (Fig. 3.10). Interestingly, all Re-Os
dates overlap or are slightly younger than the U-Pb systematics for zircon from the
P porphyry that are considered to record the onset of crystallization (Fig. 3.10). This
implies, if we assume all metals are transported through the P porphyry, either the
metals are transported while P porphyry is still not fully crystalized, or there is a
small discrepancy between the U-Pb and Re-Os dates.

The spatial association between the mineralization and the N-S trending
fault and the P porphyry at Qulong suggests that the fault may have also acted as a
conduit for hydrothermal fluids during and before the emplacement of the P
porphyry. The agreement of the U-Pb zircon and Re-Os molybdenite dates shown
by a recent study of the ~7 Ma Bajo de la Alumbrera deposit support the field
relationships, whereby molybdenite mineralization is younger (nominally ~13 kyrs)
than the host rock, and thus supports the lack of systematic discrepancy between U-

Pb and Re-Os systematics (Buret et al., 2016). As discussed above, both Re-Os and

U-Pb dates in this study are reproducible and suggest consistency of the isotope
systematics, but a minor systematic bias between the Re-Os and U-Pb systematics
may also account for the discrepancy. If we assume sample 313-145 (aplite hosted)

is contemporaneous with the emplacement of the P porphyry, this would imply a
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0.73 % bias between the Re-Os molybdenite and U-Pb zircon chronometers.
However, using this bias value makes the molybdenite Re-Os ages of the Bajo de
la Alumbrera deposit to 7.0373 Ma, which is ~59 kyrs younger than the LP3
porphyry that postdates the mineralization. As such we consider a bias between the
chronometers of 0.73% unlikely. Additionally, the seven other molybdenite
samples at Qulong that possess dates that are nominally older, but overlap within
uncertainties of the P porphyry U-Pb zircon systematics (Fig. 3.10), may suggest a
bias of 0.61 to 0.01 % between the Re-Os and U-Pb chronometers. The Re-Os and
U-Pb study of the Bajo de la Alumbrera deposit suggests that the maximum
permitted bias between the chronometers is <0.066 + 0.391 %, which is at the same
level with the uncertainty of decay uncertainty (Smoliar et al., 1996; Selby et al.,
2007). We therefore consider the Re-Os dates of this and previous studies to
indicate that a portion of the mineralization at Qulong occurred soon after the
emplacement of the Rongmucuola pluton and aplite, with further mineralization

occurring both broadly coincident and coeval with the emplacement of the P

porphyry (Fig. 3.12).

3.5.3 Cyclical mineralization pulses

The alteration assemblages and vein types in porphyry copper deposits are
classified as potassic, propylitic and phyllic, and A, B and D, respectively (Fig. 3.3),
which record a progressive change in the fluid nature, e.g., temperature, pH and/or
oxygen fugacity and are widely used to trace fluid evolution processes (Gustafson

and Hunt, 1975; Sillitoe, 2010; Bodnar et al., 2014). However, in most cases the

relative chronology of alteration assemblages and vein types cannot be confidently

correlated at the deposit-scale due to a lack of deposit-wide crosscutting
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relationships. In addition, field observations and high precision dating demonstrate

the presence of repetitive A-B-D veins (Sillitoe, 2010; Stein, 2014; Spencer et al.,

2015), and multiple overprinting hydrothermal events that occur at timescales
significantly longer than can be sustainable by a single magmatic episode (Mercer
etal., 2015). These observations require the need to understand ore-forming process
based on absolute chronology.

With the confidence of high precision Re-Os molybdenite dating (Stein,

2014: Zimmerman et al., 2014; Spencer et al., 2015; Buret et al., 2016) and the

discussion above, here we establish an absolute timeframe for the molybdenite
bearing quartz veins. Based on our sample set, assessing the chronology of Qulong
in absolute time indicates that mineralization process was not consistent during the
266 + 13 kyr interval (Fig. 3.10), and demonstrates that the vein types were cyclical
(Fig. 3.11A) with the presence of at least two A-B-D cycles and one incomplete (B-
D) cycle. Itis likely that more cycles are present. The two short-lived A-B-D cycles
last for 38 £ 11 and 59 + 10 kyr with gap of 48 £ 10 kyr. The timescales of
mineralization cycles constrained here (tens of kyr) are comparable with those

recently proposed through high-precision dating (Buret et al., 2016; Tapster et al.,

2016b), titanium diffusion in quartz (Mercer et al., 2015) and numerical modeling

(Weis et al., 2012).

3.5.4 Rapid cooling during mineralization
The cooling process of a hydrothermal system is balanced between heat gain
(e.g., magmatism and volatiles fluxing) and heat loss (e.g., conduction and meteoric

fluid circulation) (Cathles et al., 1997; Weis et al., 2012). Correlating the Re-Os

dates in this study and fluid inclusion data (Li et al., 2016) suggests that the entire
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hydrothermal system cooled from 425 to 280 °C within 266 + 13 kyrs (R? = 0.797,
Fig. 3.11B). This suggests that the Qulong porphyry system as a whole cooled over
the period of ore formation with a cooling rate of 0.55 + 0.11 °C/kyr. The cooling
rate estimated from the fluid inclusion and Re-Os geochronology data propose a
much faster rate than established from thermochronology (0.2 °C/kyr maximum)

(Zhao et al., 2016).

In addition to the long-term cooling trend, the cooling rates of the two A-B-
D cycles are 1.19 + 0.82 and 1.27 = 0.53 °C/kyr, respectively (Fig. 3.11B). These
cooling trends overlap with the long-term cooling rate within uncertainties, but are
much faster that the long term cooling of the overall Qulong porphyry system.

The rapid and episodic cooling process discussed above predicts resetting
of thermal chronometers, as supported by the identical Ar-Ar ages of potassic stage
biotite and phyllic stage sericite, and age differences given by zircon U-Th-He
systematics that are beyond analytical uncertainties from the same intrusions (Zhao

et al., 2016).

At Qulong, the main known thermal contributors are the Rongmucuola
pluton, P porphyry, X porphyry, quartz diorite and exsolved volatiles, with heat loss
controlled by cooling via conduction and meteoric water circulation. The
Rongmucuola pluton, which hosts the majority of the ore at Qulong, is ~1 myr older
than the P porphyry (Fig. 3.9). Heat loss modelling predicts that a 40 km wide, 2
km thick sill intruded between 16-18 km depth can only sustain a maximum
hydrothermal discharge >200 °C for 0.8 myr, and this duration decreases to 1000

years for systems at shallower depth (Cathles et al., 1997). Given the much smaller

size and shallower emplacement depth of the Rongmucuola pluton, we conclude

the pluton was cooled to <200 °C before the emplacement of the P porphyry. As the
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volume of the X porphyry and aplite is small, they would have had limited thermal
contribution during ore formation as indicated by their short thermal history
timescale (<a few kyr) constrained by quartz titanium diffusion and heat loss

models (Cathles et al., 1997; Mercer et al., 2015). Here, we suggest that the main

thermal contributors are the P porphyry and exsolved volatiles, but do not exclude
further contribution from unexposed intrusions. The crystallization process of the P
porphyry occurred likely over 55 £ 23 kyr, with the assumption that mineralization
occurred broadly contemporaneously with the emplacement of the P porphyry. This
implies that the hydrothermal system, and by inference a thermal anomaly, contined
for a further 211 + 26 kyr following the P porphyry emplacement. This duration is
much longer than the timescale (a few kyr) that can be sustained by small porphyry

intrusions (Cathles et al., 1997; Mercer et al., 2015), and can only be considered

reasonable when significant additional thermal contribution associated with
multiple exsolution of volatiles and/or unexposed intrusions are present.

The thermal anomalies and faster cooling process discussed above need a
mechanism to explain the rapid heat removal, while a increase of heat loss through
conduction is not expected. The most likely scenario is rapid thermal removing via

the meteoric water circulation model (Weis et al., 2012; Fekete et al., 2016). The

discrepancy of cooling speed between this study and thermochronology potentially
illustrates the problem of the simplified cooling model used in thermochronology,
which does not account for the thermal input associated with fluid fluxing (Weis et

al., 2012).

3.6 Implications
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Multiple short-lived mineralization cycles have been proposed for deposits

with prolonged durations. For example, at Los Pelambres, traditional alteration
assemblage defined ‘later-stage’ D vein is indeed 1 myr older than ‘earlier-stage’ B

vein (Stein, 2014), which implies multiple A-B-D cycles are operated for deposits

with long durations, as supported by study at EI Teniente (Spencer et al., 2015).

However, it is not clear whether multiple mineralization cycles are also present for
deposits with short durations. The Re-Os dates in this study suggest that the

multiple cycles observed by Stein (2014) and Spencer et al. (2015) operates for

deposits with shorts durations, e.g. tens to hundreds of kyr. Very similar processes
are recorded in plagioclase, quartz and zircon zoning/resorption textures (Mercer et

al., 2015; Tapster et al., 2016b; Williamson et al., 2016). Here we suggest that

periodic re-fertilization of magmatism/ mineralization (Fig. 3.12) linked with
magma chamber evolution is critical to form giant deposits, and is the key to
differentiate economic and sub-economic deposits. This periodic process
potentially is controlled by the periodic re-charging of the magma chamber, or
pressure release due to the progressive crystallization of magma. In addition, the

similar periodic pattern observed in Miocene ice-sheet expansion has been

attributed to Earth’s orbital configuration (Holbourn et al., 2005), whether there is
a link between the orbital configuration of Earth and porphyry ore formation is
unclear, e.g., by influencing the meteoric water fluxing, but definitely worthy
investigation. The data presented here further refine the duration of mineralization
cycles down to tens of thousands years, and directly supports the lifetime of

hydrothermal systems proposed by thermal and diffusion simulation (Weis et al.

2012; Mercer et al., 2015) and U-Pb geochronology (Von Quadt et al., 2011;

Chelle-Michou et al., 2015; Buret et al., 2016; Tapster et al., 2016b).
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Correlating fluid inclusion and Re-Os dates at Qulong indicates a much
faster cooling rate of the hydrothermal system than those estimated by

thermochronology at Qulong (Zhao et al., 2016) and thermal modelling of porphyry

deposits in general (Mclnnes et al., 2005). We attribute this rapid cooling to thermal

contribution associated with volatiles fluxing, which are balanced by meteoric
water circulation. In addition, the periodic nature of mineralization and fluid fluxing
will reset chronometers with low closure temperatures, e.g., Ar-Ar and U-Th-He,
and add uncertainties to thermal chronology studies. This requires the examination
of the one-stage cooling model used in thermal chronology studies.

The porphyry system genetic model suggests mineralization follows the

emplacement of porphyry stocks (Sillitoe, 2010), and stand as the basis to bracket

mineralization duration by dating porphyries (Von Quadt et al., 2011; Buret et al.,

2016; Tapster et al., 2016b). This scenario can be tested via high precision dating

of mineralization and magmatism. The approaches of Buret et al. (2016) and this

study seems support this hypothesis. However, it is hard to argue, that for the
studied porphyry systems that the earliest mineralization phases have been sampled
and that unexposed porphyry stocks could exist. If this is the case, then uncertainties
in our genetic understanding of porphyry systems remain. In addition, when U-Pb
and Re-Os dates are compared, including the spike calibration and decay constants
uncertainties, which are several times larger than the analytical uncertainties, limits
the temporal resolution to understand the mineralization process in further detail.
Some of these uncertainties can be removed through cross-calibration between Re-

Os and U-Pb as proposed by Chiaradia et al. (2013).
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Figure 3.3
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Figure 3.6
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Figure 3.9
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Figure 3.10
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Figure 3.11
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Figure 3.12
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Table 3.1 Published zircon U-Pb geochronology dates at Qulong

Rongmucuola

206,238 age 2 sigma

16.3
171
18.0
17.4
175
16.4
16.8
16.3
17.0
171
17.0
16.7
16.9
16.6
17.3
16.2
16.7
15.7
15.9
16.8
16.7
185
17.3
16.4
17.1
17.3
16.6
185
16.7
16.7
17.4
16.4
17.2
16.8
18.5
16.9
15.6
16.0
16.0
17.9
15.4
17.9
17.6
17.3
16.9
18.0
16.2
16.4
16.7

1.4
1.4
1.2
1.6
2.2
1.0
1.6
1.0
2.0
1.8
2.0
1.8
2.0
1.4
2.0
1.0
1.8
2.0
1.2
1.6
1.6
1.4
2.0
1.8
2.0
1.0
1.2
1.8
2.2
2.0
1.8
1.4
1.8
1.0
2.4
2.8
1.8
1.2
1.8
1.8
1.0
2.2
1.6
14
2.6
1.6
1.0
14
1.2

methods

LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS

references

Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
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18.4
17.8
18.0
17.9
15.0
18.2
16.7
155
15.9
175
17.0
19.0
16.8
16.1
16.7
16.5
16.3
175
15.8
17.7
17.2
20.4
14.8
17.7
16.2
16.3
17.8
16.6
16.9
175
17.9
18.3
16.4
17.2
17.8
18.1
17.3
16.9
18.1
17.1
18.2
17.8
17.7
16.1
17.2
17.7
17.5
17.6
16.0
18.1
16.9
17.9

1.4
1.8
1.4
1.8
1.6
2.2
2.6
1.8
1.4
2.4
1.6
1.8
1.2
1.8
2.4
2.0
1.6
1.2
1.4
1.6
2.0
1.6
1.4
1.2
1.2
1.2
1.6
0.8
1.4
1.8
1.8
1.6
14
2.2
1.8
1.8
1.8
1.6
1.2
1.2
1.0
1.4
1.2
14
1.0
1.8
1.2
1.8
1.8
1.6
1.8
1.8
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LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS

Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015

134



17.3
17.4
20.1
18.1
17.8
16.1
15.7
16.7
18.2
16.8
17.7
18.3
16.2
19.1
18.4
16.9
16.6
17.2
17.9
17.6
17.7
18.3
17.3
17.0
17.6
17.0
17.8
18.8
16.0
18.0
151
16.9
16.9
17.7
17.5
15.8
15.9
16.4
18.1
17.4
16.5
16.7
18.2
16.6
17.1
17.6
18.2
15.6
17.0
17.2
16.0
17.1

1.2
2.0
1.6
2.0
1.8
1.6
1.4
1.8
1.8
1.4
1.8
1.0
1.2
1.8
1.6
1.4
1.6
1.8
1.8
14
1.2
1.8
2.0
1.8
1.6
1.8
1.6
2.2
1.2
1.8
1.2
1.2
2.0
1.8
2.0
14
1.2
1.6
2.0
1.2
1.6
1.2
2.2
14
14
1.2
1.6
1.2
1.6
14
1.8
1.6

Chapter 3 High precision geochronology

LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS

Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015

135



17.7
155
15.8
17.0
17.2
17.6
15.0
171
16.4
16.8
16.5
17.1
16.6
175
16.8
17.3
17.6
16.9
16.6
17.4
17.0
16.8
16.6
16.4
17.6
17.0
15.8
17.1
15.7
16.8
16.1
154
18.1
155
16.6
16.2
15.6
19.7
17.0
16.4
16.0
15.8
15.3
16.2
16.5
17.0
15.6
14.7
15.6
16.7
15.9
154

2.0
1.4
1.2
1.6
1.6
1.2
1.6
1.8
1.2
1.6
1.8
1.6
1.4
1.8
2.0
1.6
2.0
1.4
1.4
14
1.4
1.0
1.4
1.8
1.6
1.6
1.4
14
1.6
2.2
1.8
2.8
3.8
2.2
2.2
2.4
2.2
2.0
3.2
2.4
1.8
2.2
2.6
2.4
3.4
3.0
2.2
2.2
2.2
2.0
4.0
2.4

Chapter 3 High precision geochronology

LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
LA-ICPMS
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP
SHRIMP

Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Hu YB 2015
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006
Wang LL 2006

136



Chapter 3 High precision geochronology

15.8 2.0 SHRIMP Wang LL 2006
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X porphyry
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Table 3.3 Th/U sensitivity test for the ~16 Ma P porphyry

Weighted mean dates 2 sigma

Th/U of magma from statistically acceptable population abs MSWD N
1 15933 0.012 035 3
2 15986 0.012 086 3
3 16.003 0.012 110 3
4 16.012 0.012 120 3
5 16.017 0.012 130 3
6 16.020 0.012 140 3
7 16.023 0.012 140 3
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Chapter 4

SIMS quartz oxygen isotopic composition of the Qulong porphyry Cu-Mo
deposit, Tibet, China: Implications for metal deposition triggered by fluid

mixing*

*A version of this chapter will be submitted to Geochimica et Cosmochimica Acta,

co-authored with Xian-Hua Li and David Selby.



Chapter 4 Meteoric water involvement

4.1 Introduction

Porphyry Cu deposits are the world’s primary source of Cu, Mo and Re, and

additionally contribute to the source of Au (Sillitoe, 2010). As such understanding

the process of metal enrichment is particularly important. The current consensus is
that metals are transported by magmatic fluids derived from a magma chamber, that
are ultimately precipitated in a restricted zone as sulfides with associated alteration

assemblages within and surrounding porphyry stocks/country rocks overlying the

progenitor magma chamber (Sillitoe, 2010; Richards, 2011; Cooke et al., 2014).
Although porphyry Cu deposits have been intensively studied, mechanisms of

precipitation of ore sulfides remain debated (Kouzmanov and Pokrovski, 2012;

Cooke et al., 2014). Depressurization, fluid mixing and unmixing, cooling, magnetite
crystallization and water-rock interaction have been proposed as triggers for metal

deposition (Kouzmanov and Pokrovski, 2012; Sun et al., 2013; Cooke et al., 2014).

All these processes are conceptually feasible, and indicate either the primary trigger
mechanism varies from deposit to deposit or at least some of these precipitation
controls only operate at smaller scales. Recently, high-resolution oxygen isotope
analysis of vein quartz from two porphyry Cu deposits demonstrated that the
expulsion of magmatic fluids coupled with meteoric water is necessary to maintain
the thermal anomaly of a porphyry/magmatic system, with meteoric water

involvement during the time of ore mineral precipitation (Fekete et al., 2016).

There is growing evidence to suggest that at least some porphyry Cu deposits
are formed through multi-pulsed magmatic-hydrothermal episodes (Chapter3;

Sillitoe, 2010; Stein, 2014; Mercer et al., 2015; Spencer et al., 2015; Williamson et

al., 2016). For such porphyry systems the hypothesis of Fekete et al. (2016) predicts

increased meteoric involvement into the magmatic-hydrothermal system due to a loss
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Chapter 4 Meteoric water involvement
of the shielding force from the magmatic fluids from the progenitor intrusion during
the intermittent period of ore formation, which is then shut down by the
replenishment of magmatic fluids. This model can be evaluated by tracing the fluid
evolution of a porphyry system under an absolute timescale.
Tracing the evolution paths of ore-forming fluids traditionally relies largely

on H-O isotope and fluid inclusion data of gangue minerals, e.g., quartz (Cooke et al.

2014). A temporal relationship between ore sulfides and gangue minerals is used for
fluid inclusion and isotope geochemistry studies must be unequivocally established
to provide an absolute constrains on the evolution of ore-forming fluids (Redmond et

al., 2004; Wilkinson et al., 2009). However, the presence of complicated textures or

zoning in quartz representing the dynamics of fluid evolution adds uncertainties to

data collected by bulk analysis (Allan and Yardley, 2007; Tanner et al., 2013;

Vasyukova et al., 2013; Fekete et al., 2016). Further, a porphyry system formed by

multiple episodes of magmatism and hydrothermal activity additionally challenges
establishing a clear chronology of both vein and alteration assemblages, and
consequently the fluid evolution of the ore system. More importantly, reconstructing
the fluid oxygen isotopic composition from quartz veins is not straightforward (Allan

and Yardley, 2007; Tanner et al., 2013; Vasyukova et al., 2013). For example,

oxygen isotope volume diffusion, quartz overgrowth, dissolution and
recrystallization, out of oxygen isotope exchange equilibrium between quartz and
water, and boiling associated isotope fractionation, all of which are potential
mechanisms that can bias the calculated fluid oxygen isotopic composition (Tanner

etal., 2013).

The inability to account for the uncertainties mentioned above hinders

distinguishing among possible depositional mechanisms related to ore formation, as
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Chapter 4 Meteoric water involvement
demonstrated by the controversial role of meteoric water. Stable isotopes, fluid
inclusions and numerical simulation have suggested progressive involvement of
meteoric water during ore-forming process, but such an external component was
considered negligible in the early stages of mineralization and have limited/no

contribution to ore formation (Stein and Hannah, 1985; Cooke and McPhail, 2001;

Watanabe and Hedenquist, 2001; Ulrich et al., 2002). In contrast, other studies argue

that meteoric water is an essential component during the entire ore-forming process

(Friedman et al., 1974; Sun and Eadington, 1987; Hedenquist and Aoki, 1991: Sheets

et al., 1996; Selby et al., 2001; D'Errico et al., 2012).

To further understand the controls of ore formation and test the model

proposed by Fekete et al. (2016) and the role of meteoric water in porphyry ore

formation, we report a detailed Secondary lon Mass Spectrometry (SIMS) quartz
oxygen isotope study of quartz veins from the giant Qulong porphyry Cu-Mo deposit.
The paleo-elevation of the terrain in the vicinity of the Qulong porphyry system at its

time (Miocene) of emplacement was >4595 m (Currie et al., 2005). The paleo

meteoric water possessed a depleted oxygen isotopic composition of -15.6 + 3.6 %o

(Currie et al., 2005). The stark contrast between the paleo meteoric water 580

composition to that of magmatic water (580 = ~7.6 %o) makes the Qulong porphyry
system an ideal candidate to investigate the potential mixing of meteoric water with
magmatic. The absolute timeframe and formation temperatures for the quartz veins
studied for quartz oxygen isotopic compositions are obtained from high precision
quartz-hosted-molybdenite Re-Os dating (Chapter3) and fluid inclusion study (Li et
al., 2016), respectively. We demonstrate that the vein quartz records the primary
oxygen isotope signature and reached oxygen isotope fractionation equilibrium with

ore-forming fluids. We use the quartz oxygen isotope data to infer that meteoric
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Chapter 4 Meteoric water involvement
water involvement induced cooling, and that this process is a key factor for the
formation/metal deposition of the giant Qulong porphyry Cu-Mo deposit, and may

have implications for metal enrichment processes of porphyry systems elsewhere.

4.2 Geological framework of Qulong

Qulong is China’s largest porphyry Cu-Mo deposit, containing 11 Mt of Cu

and 0.6 Mt of Mo (Li et al., 2016). The deposit geology has been intensively studied

(Chapter3; Yang and Hou, 2009a; Yang et al., 2009; Xiao et al., 2012; Qin et al.,

2014: Hu et al., 2015; Yang et al., 2015; Li et al., 2016; Zhao et al., 2016) and is

summarized here. The Qulong system occurs in the Lhasa terrane, with the deposit
geology comprising Jurassic volcanic and intrusive rocks, plus Miocene porphyries

(Yang et al., 2009; Hu et al., 2015; Li et al., 2016; Zhao et al., 2016) (Fig. 4.1). The

emplacement sequence of the Miocene porphyries at Qulong is; (1) the pre-ore
Rongmucuola monzogranite pluton, (2) the syn-ore monzogranite P porphyry and
aplite, (3) the syn-ore monzogranite X porphyry, and (4) the post-ore quartz diorite.
In addition, two stages of hydrothermal breccia developed following the
emplacement of the X porphyry. The Cu-Mo mineralization at Qulong is
predominately hosted by the west portion of the Rongmucuola pluton while the east
portion is barren, and is spatially associated with potassic and to a lesser extent, with

propylitic and phyllic alteration assemblages (Yang et al., 2009). The spatial

association of the P porphyry with the most intensive alteration and highest-grade ore,
together with the much smaller size of X porphyry and aplite, may suggest that
mineralization at Qulong is, in part, genetically linked with the emplacement of the P

porphyry, with less contribution from the X porphyry and the aplite (Chapter3; Yang

et al., 2009; Hu et al., 2015; Li et al., 2016; Zhao et al., 2016). After the
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Chapter 4 Meteoric water involvement
crystallization of post-ore quartz diorite, no further magmatism and metamorphism is

documented at Qulong (Yang et al., 2015; Zhao et al., 2016).

Previous high precision zircon U-Pb dating suggest the Rongmucuola pluton,
P porphyry, and the quartz-diorite emplaced at 17.142 + 0.023 Ma (including 2%U
decay constant uncertainty), 16.009 + 0.024 Ma, 15.166 = 0.020 Ma, respectively
(Chapter 3). The Re-Os geochronology (n = 13 veins) constrains the mineralization
at Qulong from 16.126 + 0.077 Ma to 15.860 £ 0.075 Ma, proposing a mineralization

duration of 266 + 13 kyr (Chapter3).

4.3 Samples and analytical methods

4.3.1 Samples

In addition to the uncertainties arising from analysing multi-stage quartz
grains by bulk analysis, the multiple ore-forming events at Qulong makes it very
challanging to evaluate fluid evolution using a relative chronology defined by
traditional alteration assemblages. To overcome these complexities, in-situ quartz
oxygen isotope analysis guided by CL imaging was conducted, with quartz formation

temperatures and ages constrained by a fluid inclusion study (Li et al., 2016) and

high precision Re-Os molybdenite dating (Chapter3), respectively. To the best of our
knowledge, this is the first approach evaluating ore-forming fluid evolution path
constrained by an absolute timeframe.

Zircon and groundmass quartz grains were separated from two fresh
Rongmucuola monzogranite samples. One sample was collected from the western
Rongmucuola monzogranite (QL14_23W) and a second from the east portion of the
intrusion (QL14 52E) (Fig. 4.1). These samples were collected to provide the best

estimates the oxygen isotopic composition of the magmatic fluid and to evaluate the
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Chapter 4 Meteoric water involvement
potential variations of the magmatic water oxygen isotope values across the
Rongmucuola pluton. The P porphyry is not used for this purpose because it has
experienced intensive hydrothermal alteration.

A single sinusoidal quartz vein hosted by an aplite dyke (Fig. 4.3A) is
analysed to evaluate the fluid nature during the formation of the aplite. The aplite
was hosted by the Rongmucuola pluton and is considered to have formed earlier than

the P porphyry (Chapter3; Li et al., 2016). Thirteen molybdenite bearing quartz veins

constrained by Re-Os molybdenite dates (Chapter3) were analysed by CL and SIMS
to image successive generations of quartz and oxygen isotopic compositions,
respectively. For the same veins a fluid inclusion study has been completed to

constrain the P-T-X conditions of vein formation (Li et al., 2016). Quartz grains were

isolated from same quartz veins selected for Re-Os molybdenite dating. Only quartz
grains with a spatial association with molybdenite, e.g., enclosing fine-grained
molybdenite, are used. An additional 7 molybdenite-free, but chalcopyrite-bearing
veins are analysed to account for any potential bias caused by predominantly
investigating quartz veins that are molybdenite bearing. A feldspar-molybdenite vein,
overprinted by an anhydrite-pyrite assemblage (Fig. 4.3G), was only selected to test
the resolvability of multi-stage quartz growth history by SIMS oxygen isotope

analysis.

4.3.2 SIMS quartz oxygen isotope analytical method
CL imaging was conducted with a Hitachi SU-70 SEM at Durham University

(Li et al., 2016; Li et al., 2017). Examination was carried out at a 15 kv accelerating

voltage with a beam current of 100 nA at a 20 mm working distance under a high
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vacuum mode. Secondary electron images were taken using the same accelerating
voltage and working distance, but at a lower beam current (1 nA).

Guided by CL images, quartz SIMS oxygen isotope analysis was carried out
at the Institute of Geology and Geophysics, Chinese Academy of Sciences with a

CAMECA IMS-1280 SIMS (Li et al., 2010). Quartz bearing assemblages were

mounted with the NBS-28 and Qinghu quartz standards, polished and then coated
with gold. The Cs* primary ion beam was accelerated at 10 kV, with an intensity of
ca. 2 nA and rastered over a 10 um area. The spot size as an ellipse was ~10 x 20 pm
in diameter. Oxygen isotopes were measured using multi-collection mode on two
off-axis Faraday cups. The intensity of 10 was typically 10° cps during this study.
The instrumental mass fractionation factor (IMF) was corrected using NBS-28 with a

5180 value of 9.5 %0 (VSMOW) (Matsuhisa, 1974). Measured 80/*°0 ratios were

normalized by using VSMOW compositions (*¥0/**0 = 0.0020052), and then
corrected for the IMF, uncertainties on individual analysis were usually better than
0.3 %o (2 SE). All measurements were bracketed or interspersed with spot analyses of
Qinghu quartz that served as an internal standard. This study was conducted at the

same period with that of Li et al. (2017). During this study the &80 value of the

Qinghu quartz ranged between 8.34 + 0.23 and 8.92 + 0.37 %o, and yields a weighted
mean of 8.66 + 0.05 %o. These results are within uncertainty of the preferred 580

value for the Qinghu quartz of 8.6 = 0.2 %o (2 SD) (Li et al., 2017).

For each analysed quartz vein, CL images and the distribution of §'®0 values
are used to evaluate the potential presence of recognizable multiple growth history.
When single quartz growth history was demonstrated, we interpret the weighted

mean as the best estimate of the 520 value of that vein (Rollinson, 1993).
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4.3.3 Fluid oxygen isotopic composition and source constrains
Experimentally determined quartz-water oxygen isotope fractionation

equation (Matsuhisa et al., 1979) was used to calculate the 50 values of ore-

forming fluid (8'80y) with quartz formation temperatures constrained by a previous
fluid inclusion study (Li et al., 2016).

To evaluate the percentage contribution of meteoric water to the magmatic-
hydrothermal system we apply a binary mixing model using the end members of
meteoric water and magmatic water. The equation used in the binary model is as
below where X is the percentage of meteoric water contribution.

3180puik fluid = X * 880 magmatic fluid + (1 - X) * 5*8Ometeoric water

4.4 Results

4.4.1 Oxygen isotope of quartz and zircon from Rongmucuola pluton

Groundmass quartz and zircon from the two less altered Rongmucuola pluton
possess homogenous oxygen isotopic compositions, with a §*30quart; of 8.70 + 0.06 %o
(n = 26) and a 5'80yircon Of 6.14 + 0.05 (n = 23, Table 4.1, Fig. 4.2). The §'80 quartz
and zircon values yield a A®Oquartz-zircon OF 2.56 + 0.08 %o. This value corresponds to

an equilibrium temperature of oxygen isotope fractionation between zircon and

quartz of 680 + 52 °C (Trail et al., 2009).

4.4.2 Quartz of the sinusoidal vein
The sinusoidal quartz vein hosted by an aplite dyke (Fig. 4.3A), which
formed before the emplacement of the P porphyry, represents a vein formed prior the

bulk mineralization at Qulong (Chapter3; Li et al., 2016). This vein comprises fine-
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grained (0.2 - 0.5 mm) euhedral quartz grains, with CL petrography revealing core
resorption-dissolution and rim overgrowth textures (Fig. 4.3B). Three core to rim
transects in two quartz crystals show similar !0 values increasing from 5.40 + 0.27

(core) to 7.89 + 0.31 (rim) %o (Fig. 4.3C; Table 4.2).

4.4.3 Textures and oxygen isotope of quartz grains associated with mineralization

In general, studied quartz grains from mineralized veins exhibit no evidence
of any hydrothermal overprint. The CL images of the quartz grains (0.4 - 1 mm; Fig.
4.3D) exhibit clear euhedral oscillating growth banded zones or dark luminescence.
The grains are occasionally crosscut by 5-30 um wide discontinuous fractures (Fig.
4.3E). SIMS analysis reveals homogeneous 520 values for the same vein regardless
of the presence/absence of fractures and zonation (Fig. 4.3F, Table 4.2), with
weighted means varying between 8.30 + 0.15 and 11.90 = 0.10 %o (Fig. 4.4, Table
4.3). The &0 values of quartz veins of the early mineralization stage show the
largest variability. For example, in chronological order constrained by Re-Os
molybdenite dates, the 80 values rise from 8.39 + 0.09 to 9.16 + 0.08 %o and then
t0 11.90 * 0.10 %o, which then decrease to 9.75 + 0.08, 8.78 + 0.07 and 8.30 + 0.15 %o
(Fig. 4.4). Overall, the 80 values between 16.040 and 15.860 Ma are consistent
between 8.74 = 0.09 and 9.38 £ 0.09 %.. Each of the additional 7 molybdenite-free,
chalcopyrite-bearing veins possess a homogeneous oxygen isotopic composition and
yield 880 values between 8.86 + 0.06 and 9.98 + 0.08 %o (Table 4.2). Given the
similar results between the molybdenite-bearing samples and molybdenite-free
samples, we consider using molybdenite-bearing samples for fluid evolution study is
representative.

Quartz grain from a molybdenite-bearing vein overprinted by a pyrite-

anhydrite assemblage exhibit both diagnostic dark- and bright-luminescence (Fig.
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4.3H). Quartz with a dark-luminescence (Q1) shows no variation in luminescence
intensity. In contrast, quartz exhibiting a bright-luminescence (Q2) are characterized
by banded zones with various intensities of luminescence. Both Q1 and Q2 have
homogenous oxygen isotopic compositions, but yield contrasting $*20 values of 8.45
+£0.21 (Q1,n=9) and 0.12 + 0.31 %o (Q2, n = 8), respectively (Fig. 4.3I).

Collectively, 87 % of the 308 analyses (n = 268) from the 22 samples possess

3180 values between 8 and 10 %o, and yield a mean of 9.05 + 1.01 (2SD) (Fig. 4.5).

4.5 Discussion

4.5.1 Primary oxygen isotope signature of vein quartz
Oxygen isotope exchange through volume diffusion is an important
mechanism that modifies the primary isotopic composition of zircon and quartz

(\Valley and Graham, 1996). Other mechanisms that can also modify the primary

oxygen isotopic composition of quartz include recrystallization, overgrowths and

precipitation of new materials along microfractures (Farver and Yund, 1991; Valley

and Graham, 1996).

Magmatic zircon and quartz grains from the Rongmucuola pluton both yield
homogenous oxygen isotopic compositions, and a Aquartz-zircon Value (2.58 + 0.08 %o)
that suggests oxygen isotope equilibrium at 680 + 52 °C (Fig. 4.4) (Valley et al.,

1994; Trail et al., 2009). The refractory and resistant nature of zircon, together with

the limited evidence of hydrothermal overprint and homogeneous zircon-quartz §'0
values across the Rongmucuola pluton, coupled with the agreement of temperatures
between zircon-quartz equilibrium estimation and the temperature constraints of the

granite solidus (Johannes, 1984), all suggest that the zircon and quartz recorded the

primary magmatic oxygen isotopic composition of the Rongmucuola pluton.
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For mineralized hydrothermal quartz grains, despite the frequent presence of
micro-fractures (Fig. 4.3), no dependence between 580 values and presence of
fractures is observed, which argues against modification of the oxygen isotopes

through diffusion along fractures (Valley and Graham, 1996). Oxygen isotope

exchange through volume diffusion occurs inwards from grain boundaries, therefore
partial 80 exchange in a mineral will produce isotopically zoned grains (Valley and

Graham, 1996; Monani and Valley, 2001). With the exception of the quartz vein

hosted by the aplite dyke, all quartz grains yield homogeneous oxygen isotopic
compositions. These observations suggest that the hydrothermal quartz grains are
either free from post-crystallization oxygen isotope diffusion or experienced
complete oxygen isotope exchange. The time needed for complete oxygen diffusion
exchange in quartz grains at a given temperature can be estimated by the equation

t=X?/D, where X is diffusion distance, D is diffusion coefficient (Farver and Yund,

1991; Valley and Graham, 1996). For a 400 um quartz grain, which is the average

quartz grain size in this study (Fig. 4.3B), complete oxygen exchange over a distance
of 200 pm requires ~1.3 myr at 500 °C. This time will dramatically increase to >10
myr at 400 °C. High precision dating and fluid inclusion studies indicate that the
studied quartz veins were formed between 425 and 280 °C within 266 +£13 kyrs, and

post-mineralization magmatism is limited (Chapter3; Yang et al., 2009; Li et al.,

2016; Zhao et al., 2016). Therefore the time and temperature necessary for quartz

reaching complete oxygen isotope exchange at Qulong is unlikely.

Quartz grains from the K-feldspar-molybdenite vein overprinted by an
anhydrite-pyrite assemblage have characteristic features in CL images that are
indicative of two-stage quartz growth. The SIMS analysis easily resolved this two-

stage quartz growth history (Fig. 4.4H) and demonstrated that the approach used in
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this study has the ability to distinguish multiple generations of quartz growth when

present.

4.5.2 Equilibrium oxygen fractionation between quartz and water

Based on the temperature (680 + 52 °C) constrained by zircon-quartz oxygen
isotope equilibrium, magmatic water associated with Rongmucuola pluton had a
5180 value of 7.56 + 0.26 %o. This 8*80 fluid (5'80y) value is almost identical to that

(~7.7 %o) estimated by Yang and Hou (2009a), and agrees with the reported range of

magmatic water 805 values (Cooke et al., 2014). Given no appreciable variations of

quartz and zircon 80 values were observed across the pluton, and that the
Rongmucuola pluton, and P and X porphyries have very similar Sr-Nd-Pb isotopic

compositions (Qin et al., 2014), no significant variations in the magmatic water 580

value between the Rongmucuola pluton and the P and X porphyries is expected

(Monani and Valley, 2001; Jones et al., 2015). As such, we suggest that the best

estimate for the 580y value for magma water responsible for mineralization is 7.56 +
0.26 %o.

For hydrothermal quartz, calculating the fluid oxygen isotopic composition is
only possible when equilibrium oxygen isotope fractionation between quartz and

water is reached (Allan and Yardley, 2007; Tanner et al., 2013). The equilibrium

conditions can be evaluated through comparing oxygen isotope exchange rates in
quartz-water system and quartz growth speed. Equilibrium is expected when quartz
growth speed is slower than the isotope exchange rate. There is a lack of direct
experimental study to quantify the oxygen isotope exchange rate between quartz and
water. However, using the experimental study of a granite-fluid system

(water/mineral ratio of 5, salinity of 5.8 wt. % NaCl equiv.) as an alternative, with
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quartz of an average grain size of 0.2 cm, oxygen isotope equilibrium is reached

within 100 years at 300 °C (Yang and Hou, 2009b). The experimental study further

predicted a reduction in the equilibrium time with increased temperature, fluid
salinity and water/mineral ratio.

Previous fluid inclusion study (Li et al., 2016) suggests the hydrothermal

fluids at Qulong have temperatures of 425 — 280 °C (average = 340 °C) with
salinities of >5 wt. % NaCl equiv. (Table 4.4). Considering the maximum Cu

concentration in porphyry ore-forming fluids as ~1 % (Landtwing et al., 2005;

Kouzmanov and Pokrovski, 2012), the volume of hydrothermal fluids at Qulong

is >1.1 x 10° m® if 100 % metal deposition efficiency is assumed. Vein density in
porphyry deposits is typically < 25 % and in most cases varies between 5 and 10 %

in the ore shells (Weis et al., 2012). At Qulong the volume of ore is 2200 million

tonnes (Li et al., 2016), with the quartz volume at Qulong being estimated to be 4.3 -

8.5 x 10" m®. The fluid and quartz volumes suggest a minimum water/mineral ratio
of 13-26. The hydrothermal quartz grains at Qulong possess a maximum grain radius
of <0.2 cm (Fig. 4.3), suggesting a precipitation time of ~1.38*10° and 1.09*10°

years at 300 and 400 °C, respectively (Pollington et al., 2016). This growth time for

0.2 cm quartz is orders of magnitude longer than the time needed to reach oxygen
isotope equilibrium, and suggests that oxygen isotope equilibrium was established
between quartz and water. In addition, the actual equilibrium time will be further
reduced since it decreases with increased fluid salinity and water/mineral ratio. In
summary, we suggest that the hydrothermal quartz at Qulong, for the most part,
reached oxygen isotope exchange equilibrium at the time of formation.

For fluids with a salinity <20 wt % NaCl equiv., oxygen isotope fractionation

between aqueous and vapor phases through boiling is < 0.5 %0 at 350- 450 °C
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(Shmulovich et al., 1999). The levels of fractionation is the same order, within

uncertainty, when considering the uncertainty derived from quartz-fluid oxygen
isotope fractionation equation, together with limited evidence of boiling at Qulong

(Yang et al., 2009; Xiao et al., 2012; Li et al., 2016), we suggest the effect of oxygen

isotope fractionation associated with fluid boiling is most likely negligible.

4.5.3 Oxygen isotope of ore-forming fluid and meteoric water contribution

The sinusoidal quartz vein hosted by formed at 425 °C (Li et al., 2016). The

quartz grains of the sinusoidal vein show a bright CL rim in comparison to the core.
The resorption surface between core and rim, plus the discordant rim overgrowth are
suggestive of dissolution and resorption of the core occurred during the overgrowths
of the rim (Fig. 4.3B). The &80 values progressively increase from core to rim (Fig.
4.3C). These features argue against volume diffusion and are interpreted as
secondary features with the core experiencing the least overprint/alteration. Although
the core does show some heterogeneity in its 510 values (Fig. 4.3B), the inner core
records the most primary 5180 value (5.4 + 0.27 %o) and is the best representation of
the fluid during its formation, corresponding to a 5'80¢ of 1.84 + 0.48 %o at 425 °C.
The heavier 580 values of the rim (7.1-7.9 %o) suggest that resorption and
overgrowth is the result of a later *30-rich fluid.

For the remaining mineralized quartz samples, the §'80r evolution for Qulong
is presented against an absolute timeframe based on the Re-Os molybdenite
geochronology (Fig. 4.4). The &™0r recorded by quartz veins show significant
variations up to 5.76 %o, and are characterized by both abrupt and gradual shifts (Fig.
4.4, Table 4.4). Based on the Re-Os molybdenite chronology, the earliest veins at

16.126 and 16.107 Ma possess 5180 values of 4.83 + 0.41 %o and 5.04 + 0.45 %o. At
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16.008 Ma a vein has a 880y value of 7.59 + 0.47 %o. Three younger veins from
16.088 to 16.050 Ma show a decrease in 5!80r values with age from 5.21 + 0.49 to
3.25 + 0.55 %o. Samples at 16.040 and 16.030 Ma have &'80s of 3.82 + 0.53 and 4.18
+ 0.52 %o, with the younger vein showing lower §'80s values (3.26 + 0.59 %o) to a
nadir of 1.83 + 0.76 %o at 15.981 Ma. There is a slight increase in the §'80O¢ values
(3.55 = 0.58 %o) at 15.943 Ma and then a decrease from 2.34 + 0.69 %o at 15.939 Ma
t0 1.93 + 0.78 %o at 15.877 Ma.

With the exception of sample 001-640 at 16.098 Ma, which possesses a 805
value of 7.59 * 0.47 %o, all 580 values are significantly lower (1.83 + 0.76 to 5.21 +
0.49 %o; Fig. 4.4) than that of magmatic water (7.56 + 0.26 %o), and require the
involvement of a fluid with lower &80 values. The most likely source of water

enriched with a light oxygen isotopic composition is meteoric water (Hedenquist and

Aoki, 1991; Sheets et al., 1996). Using the best estimated values for magmatic water

(7.56 = 0.26 %o; this study) and meteoric water (-15.6 = 3.6 %o, Currie et al., 2005),

a 25.33 + 4.87 % meteoric water contribution is estimated by the sinusoidal vein
before the main stage of porphyry mineralization, with 11-12 % meteoric water
involvement during the early mineralization stage (16.126-16.107 Ma).

The similarity of the 5!80¢ values for sample 001-640 with magmatic water
suggests the predominance of magmatic water in the ore fluids at 16.098 Ma. We
attribute the origin of this magmatic fluid to be associated with the emplacement of
X porphyry. The remaining §'80r values (16.088-15.877 Ma) overall suggest a
progressive increased involvement of meteoric water with the hydrothermal fluids
(10.40 + 3.00 % at 16.088 Ma to 24.93 + 5.55 % at 15.877 Ma). Moreover, the
repetitive decrease-increase trends are indicative of interaction between magmatic

fluid and meteoric water periodically. As shown in Figure 4.4, during each of the
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mineralization pulses, the meteoric water contribution is higher at the beginning, and
then decrease in the middle, and then rebound again at the end. This observation is
expected as the system is dominated by magmatic fluid during ore formation, while
in the intermittent period, the reduction in the force of the over pressured magmatic

fluid will permit meteoric water mixing (Fekete et al., 2016). The sinusoidal vein

records a highly depleted 880+ signature and indicates a high meteoric water
component in the ore system before the emplacement of the P porphyry. This is
expected as without the shielding of magmatic fluids, meteoric water will dominate

the fluid budget of the system (Fekete et al., 2016). The subsequent emplacement of

the P porphyry and exsolution of magmatic fluids resulted in an increase in the §*80s
values.

Due to a lack of formation temperatures and chronologic constrains for the
molybdenite-free samples, we do not use them to evaluate the fluid evolution process,
but as discussed earlier, the molybdenite-bearing samples are representative of the
entire duration of the Qulong porphyry system. Of the entire quartz §'®0 data, 87 %
of the analyses have a §'80 value of 8-10 %o (Fig. 4.5), which corresponds to a fluid
with 880 of 3.59 + 1.77 %, when considering an average mineralization
temperature of 350 + 50 °C. The &0 values imply an average meteoric water
contribution of 17.58 + 8.55 %.

Considering that meteoric water would evolve to isotopically heavier §*0
values through interaction with the Jurassic-Miocene magmatic rocks, the estimated
meteoric water contributions are a minimum. Similar 580 evolution trends (Fig. 4.4)
are observed with temperatures of 420, 350 and 300 °C, which are the upper limit,

average and lower limit of the mineralization temperatures both at Qulong (Li et al.

2016) and in typical porphyry deposits (Rusk and Reed, 2002; Redmond et al., 2004;
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Kouzmanov and Pokrovski, 2012; Cooke et al., 2014). The agreement of meteoric

water contributions trends between different temperatures shown in Figure 4.4
excludes the possibility of meteoric water contribution caused by incorrect
temperatures calibrations. In addition, this study demonstrates that bulk isotope
analysis utilised in porphyry deposit studies are only informative when the sample

set does not record any post formation overprint.

4.6 Fluid mixing induced cooling as a trigger for ore formation

The final step of fluid evolution in porphyry Cu system is the efficient
deposition of metals as sulphides. The main processes proposed as triggers of metal
deposition are: decompression, boiling, cooling, fluid-rock interaction, magnetite

crystallization and mixing with external fluid (Kouzmanov and Pokrovski, 2012;

Cooke et al., 2014). These processes are discussed in detail below.

4.6.1 Significance of decompression, boiling, magnetite crystallization and water-
rock interaction

Pressure fluctuations between lithostatic and hydrostatic conditions were
suggested as triggers for metals deposition in porphyry deposits, as supported by the
sharp decrease of quartz solubility with decreasing pressure at ~450 °C (Fig. 4.6A)

(Rusk and Reed, 2002). However, thermodynamic data indicates solubilities of Cu

and Mo show minor dependence on pressure and argue against this scenario

(Kouzmanov and Pokrovski, 2012). Since the most direct effect of decompression is

boiling, an alternative approach to evaluate the effect of pressure is evaluating

boiling. Boiling, especially continuous boiling initiated by cycles of fluid release and
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accumulation caused by carapace failure, has been regarded as one of the

fundamental mechanisms to generate the classic mineralized stockworks observed in

porphyry deposits (Cooke et al., 2014). The evidence for fluid inclusion assemblages

(FIA) representing boiling at Qulong is limited (Yang and Hou, 2009a; Xiao et al.,

2012; Li et al., 2016). This observation would imply that boiling is not the main

trigger mechanism for metal deposition at Qulong.
Copper is transported in comparable proportions by vapor and brine after
fluid boiling, with Cu deposition occurring well above the region of phase separation

after fluid cooling and expansion (Kouzmanov and Pokrovski, 2012). This suggests

cooling and phase expansion instead of boiling controls metal deposition, as
supported by the strong dependence of Cu concentrations with temperatures in fluid

inclusions (Fig. 4.6B) (Kouzmanov and Pokrovski, 2012). Molybdenite is believed to

crystalize from a vapor phase when oxygen fugacity falls below the SO,-H»S buffer

with declining temperature (Hannah et al., 2007). Thermodynamic data indicates that

the solubilities of chalcopyrite and molybdenite, the major ore minerals at Qulong,
have minor dependence on pressure in the liquid-phase and dense supercritical-fluid
domain. And when compared to pH, salinity and S content, both Cu and Mo

solubilities are predominantly controlled by temperature (Kouzmanov and Pokrovski,

2012), with the net effect of boiling being most favourable for ore formation at lower

temperatures (Drummond and Ohmoto, 1985).

Other mechanisms of ore deposition include magnetite crystallization and

fluid rock interaction (Kouzmanov and Pokrovski, 2012; Sun et al., 2013; Cooke et

al., 2014). However, despite the presence of magnetite in alteration assemblages at

Qulong, its presence is only minor (Yang et al., 2009; Li et al., 2016). Therefore,

magnetite may have only locally promoted metal deposition (Sun et al., 2013), and if
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not considered as a major contributing mechanism. Furthermore, the efficiency of
fluid and rock interaction is implicitly involved for deposits where replacement-style

sulfide mineralization predominate (Cooke et al., 2014). Such processes are not

favourable for porphyry ore systems.
To summarize, we consider cooling to be the fundamental control for metal

deposition at Qulong.

4.6.2 Metals deposition triggered by fluid mixing

As discussed above and shown in Fig. 4.6B, extreme temperature gradients
are required to accounts for the efficient and rapid metal deposition at Qulong.
However, the inefficiency of both conductive and rapid cooling and ore-formation
(Chapterd) is a paradox, which has been explained by enhanced heat removal

through circulation of meteoric water (Weis et al., 2012).

A simple calculation suggests that if a 500 °C supercritical fluid is mixed with
a 100 °C meteoric water with a volume ratio of 9:1 (10% meteoric water
involvement), the temperature of the mixed fluid is ~406 °C. This mixed fluid
temperature will decrease to ~310 °C with a volume ratio of 8:2 (20% meteoric water
involvement). These results are in excellent agreement with the observed

mineralization temperature at Qulong between 425 - 285 °C (Li et al., 2016), as well

as the temperature window at which Cu shows strong dependence on temperature
(Fig. 4.6B). In this case, we propose fluid mixing between cold meteoric water and
hot magmatic water is the key to generate the extreme temperature gradient needed
for efficient metal deposition at Qulong (Chapter 3), and as proposed for other

porphyry system by Fekete et al. (2016).
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Similarly, significant meteoric water involvement in porphyry deposits has

been documented by a number of previous studies (Sun and Eadington, 1987;

Hedenquist and Aoki, 1991: Sheets et al., 1996; Selby et al., 2001), and have been

further highlighted by a recent SIMS oxygen isotopic study (Fekete et al., 2016),

which demonstrate that meteoric water is an essential component in the
mineralization process of porphyry systems. Our results support the conclusion of
these studies and further demonstrate that meteoric water involvement occurs
throughout the magmatic-hydrothermal evolution process, and further emphasises the
critical role of meteoric water in metal deposition via cooling magmatic fluids.

Fluid mixing between magmatic fluid and meteoric water also causes a
decrease in pH, which will result in an increase in the acidity of alteration

assemblages (Cooke and McPhail, 2001). This predicted phenomenon has been

observed at Qulong, as well as porphyry deposits elsewhere, which show the
progressive evolution of alteration assemblages to more acidic compositions (e.g.,
from potassic to propylitic to phyllic to advanced argillic alteration assemblages)

(Yang et al., 2009; Sillitoe, 2010; Li et al., 2016).

Given the fact that meteoric water mixing is a common phenomenon in
porphyry deposits worldwide and it can generate the critical temperature gradient for
metal depositions, and can explain the widely documented increase in acidity of
alteration assemblages through time, we conclude that the fluid mixing mechanism

proposed here is also valid for metals enrichment process in other porphyry deposits.

4.7 Conclusion

Zircon and groundmass quartz from the Rongmucuola pluton have §%0

values of 6.14 + 0.05 and 8.70 £ 0.06 %o and suggest oxygen fractionation
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equilibrium occurred at 680 + 52 °C. The best estimate for the §'80 value for the
magmatic fluids associated with the formation of the Qulong porphyry system is 7.56
+ 0.26 %o.

The absence of any relationship between fractures and SIMS 580 values of
vein quartz, plus the lack of time and temperature necessary for quartz to reach
complete oxygen isotope exchange, and the duration of quartz growth compared with
time needed to reach oxygen isotope equilibrium, suggest that the studied samples
reached oxygen isotope equilibrium with the fluids and record primary formation
oxygen isotopic compositions.

In contrast to the magmatic water value of 7.56 + 0.26 %o, for the duration on
dated molybdenite mineralization (16.126 — 15.860 Ma) vein quartz yields 5'8Of
values (calculated based on fluid inclusion data at 420 — 280 °C, Li et al., 2016)
between 1.83 + 0.76 - 7.59 + 0.47 %o. The vein quartz 5'®0Of values indicate the
involvement of meteoric water during the ore formation process at Qulong. The
percentage of meteoric water contribution is ~10 % at 16.126 Ma and progressively
increases to ~25 % at 15.860 Ma. With an average mineralization temperature of 350
+ 50 °C the meteoric water contribution to the porphyry magmatic-hydrothermal
system is estimated as 17.58 + 8.55 %. In addition to the overall increase of meteoric
water contribution to the magmatic-hydrothermal system over the duration of
porphyry formation, the 5'80f data also potentially demonstrates intermittent pulses
of magmatic fluid activity during ore formation.

The strong dependence of the solubility of Cu and Mo with temperature, and
the lack of evidence to support a mechanism of metal deposition by decompression,
boiling, magnetite crystallization and water-rock interaction at Qulong, suggests that

cooling via the involvement of meteoric water is a fundamental control of metal
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precipitation at Qulong and likely other porphyry systems worldwide (Fekete et al.,

2016).
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4.9 List of figures

Fig. 4.1 Maps showing the geological setting and deposit geology of Qulong.

(A) Deposit geology map of Qulong; (B) Cross-section map shows the crosscutting
relationship of intrusive rocks at Qulong. Maps are simplified and revised from Zhao
et al. (2015). Figures inserted in the first row show the tectonic setting of Lhasa

Terrane.

Fig. 4.2. Plot of §'0quartz) vs. 8'®Oircony Of the Rongmucuola pluton at Qulong. The
zircon and quartz grains are in equilibrium at 680 + 52 °C and closely preserve
igneous values. The equilibrium equation cites from Trail et al. (2009). See text for

details.

Fig. 4.3. Representative quartz veins, quartz CL images and oxygen isotope data. (A)
Sinusoidal quartz vein represents the formation during the semi-solid crystalline state
of the aplite intrusion; (B) and (C) are CL images with SIMS analysis positions and
8180 plot for 1a, respectively. Green box in 1b shows the resorption and dissolution
of the CL-dark core by CL-bright rim. (D) Main mineralization stage representative
molybdenite bearing quartz vein, with SIMS analysis positions on CL image (E) and
5180 plot (F). (G) Early molybdenite bearing quartz vein cut by later stage anhydrite-
pyrite vein, with SIMS analysis positions on CL images, (H) and §'80 plot (). See

text for discussion.
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Fig. 4.4. 5180 plot shows the dynamic interaction between magmatic fluid and
meteoric water during ore-forming process at Qulong. The absolute timeframe is
determined by Re-Os dates from molybdenite bearing quartz veins. Calculated fluid
580 values and meteoric water percentage contribution are given at 420, 350 300 °C
and fluid inclusion estimated formation temperature. The data shows a progressively
meteoric water involvement trend with temporal magmatic fluid flooding. See text

for discussions.

Fig. 4.5 All analysed quartz 680 values in this study infer the contribution of
meteoric water during ore-formation. The calculated fluid $*80 values are based on
the average mineralization temperature (350 °C) at Qulong and porphyry Cu deposits
in general. The data suggests the minimum meteoric water contribution in

mineralization processes is 13-22 %.

Fig. 4.6. Quartz solubility (silicon concentration) in pure water as a function of
temperature at different pressures (A). Concentrations of Cu measured in fluid
inclusions as a function of homogenization temperature in Bingham and Morococha

porphyry Cu deposits (B). Both figures are modified from Kuzmanovic et al. (2012).
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4.10 List of tables

Table 4.1 SIMS §'80 values of zircon and groundmass quartz of the Rongmucuola

pluton

Table 4.2 SIMS 580 values of hydrothermal quartz from Qulong

Table 4.3 Weighted mean of SIMS quartz 580 values of mineralized quartz at

Qulong

Table 4.4 Calculated fluid 680 and meteoric water contribution
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Figure 4.1
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Figure 4.2
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Figure 4.3
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Figure 4.4
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Figure 4.5
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Figure 4.6
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Table 4.2 SIMS §'°0 values of hydrothermal quartz from Qulong

Sample No. 5"%0 20
Sinusoidal like quartz vein

Section A

817-290@A1 6.11 0.26
817-290@A2 6.49 0.22
817-290@A3 6.55 0.28
817-290@A4 7.33 0.22
817-290@AS5 7.75 0.27
817-290@A6 7.80 0.29
Section B

817-290@B1 5.95 0.38
817-290@B2 6.33 0.22
817-290@B3 6.50 0.33
817-290(@B4 7.01 0.25
817-290@B5 7.52 0.35
817-290@B6 7.78 0.24
817-290@B7 7.89 0.31
Section C

817-290@C1 5.40 0.27
817-290@C2 5.88 0.26
817-290@C3 6.49 0.30
817-290@C4 6.50 0.20
817-290@C5 7.10 0.24
817-290@C6 7.61 0.26
817-290@C7 7.78 0.22
Sample No. s'%0 20
313-145@1 8.09 0.20
313-145@?2 8.41 0.17
313-145@3 8.73 0.32
313-145@4 8.00 0.42
313-145@5 8.28 0.26
313-145@6 8.21 0.33
313-145@7 8.94 0.36
313-145@8 9.17 0.45
313-145@9 8.24 0.35
313-145@10 8.68 0.35
313-460@1 9.10 0.22
313-460@?2 8.99 0.19
313-460@3 8.85 0.31
313-460@4 9.36 0.32
313-460@5 9.07 0.48
313-460@6 9.05 0.32
313-460@7 9.36 0.33
313-460@8 9.03 0.43
313-460@9 9.74 0.61
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313-460@10 9.46 0.31
313-460@11 9.16 0.20
313-460@12 9.25 0.25
313-460@13 9.16 0.52
313-460@14 9.03 0.34
313-460@15 9.46 0.41
313-460@16 8.64 041
001-640@1 12.10 0.24
001-640@2 12.26 0.35
001-640@3 11.46 0.38
001-640@4 11.68 0.21
001-640@5 11.71 0.39
001-640@6 12.39 0.30
001-640@7 12.18 0.48
001-640@8 11.61 0.32
001-640@9 11.95 0.31
001-640@10 11.70 0.36
1402-209@]1 10.17 0.30
1402-209@2 10.59 0.23
1402-209@3 9.79 0.38
1402-209@4 9.69 0.38
1402-209@5 9.72 0.24
1402-209@6 536 025
1402-209@7 6+ 026
1402-209@8 10.14 0.25
1402-209@9 10.12 0.28
1402-209@10 9.45 0.47
1402-209@11 10.05 0.30
1402-209@12 8.82 0.36
1402-209@13 8.64 0.34
1402-209@14 8.96 0.37
1402-209@15 8.85 0.29
160521 @t 4.64 ET
1605-211@2 8.26 0.24
1605-211@20 9.05 0.44
1605-211@3 8.33 0.36
1605-211@4 8.99 0.31
1605-211@5 8.84 0.44
1605-211@6 9.12 0.18
1605-211@7 9.24 0.28
1605-211@8 9.03 0.26
1605-211@9 9.25 0.31
1605-211@10 8.72 0.20
1605-211@11 8.49 0.26
1605-211@12 8.89 0.28
1605-211@13 7.99 0.38
160521 @14 9.65 0.40
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1605-211@15 8.91 0.34
1605-211@16 8.80 0.26
1605-211@17 8.14 0.37
1605-211@18 8.66 0.35
1605-211@19 8.38 0.38
1605-80@1 9.08 0.33
1605-80@2 7.87 0.29
1605-80@3 8.32 0.34
1605-80@4 616 020
1605-80@5 7.90 0.61
1605-80@6 8.13 0.33
1605-80@7 6:40 0.34
1605-80@8 8.38 0.44
1405-120@1 8.69 0.32
1405-120@2 8.40 0.33
1405-120@3 8.97 0.30
1405-120@4 8.87 0.28
1405-120@5 9.02 0.27
1405-120@6 8.68 0.36
1405-120@7 8.83 0.29
1405-120@8 9.00 0.22
1405-120@9 9.59 0.39
1405-120@ 10 0.74 017
1405-120@ 1 278 041
1405-120@ 12 1120 037
1405-120@13 7.69 0.32
1405-120@14 7.72 0.29
1405-120@15 9.24 0.28
1605-70@1 9.26 0.31
1605-70@2 9.28 0.25
1605-70@3 8.97 0.24
1605-70@4 9.50 0.30
1605-70@5 9.01 0.26
1605-70@6 8.75 0.30
1605-70@7 8.90 0.33
1605-70@8 9.21 0.34
1605-70@9 9.16 0.40
1605-70@10 9.05 0.38
1605-70@11 9.18 0.34
1605-70@12 9.18 0.38
1605-70@13 9.17 0.24
1605-70@14 1032 034
1605-70@15 107 034
1605-70@16 8.78 0.24
1605-70@17 9.17 0.40
1605-70@18 9.30 0.39
1605-334@]1 8.76 0.34
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1605-334@2 9.17 0.43
1605-334@3 8.84 0.18
1605-334@4 8.64 0.45
1605-334@5 9.41 0.32
1605-334@6 9.16 0.41
1605-334@7 8.63 0.37
1605-334@8 9.41 0.40
1605-334@9 9.65 0.34
1605-334@10 819 025
1605-334@11 8.66 0.39
1605-334@12 8.97 0.25
1605-334@13 8.78 0.36
1605-334@14 8.39 0.28
1605-334@15 8.80 0.33
1605-334@16 8.77 0.36
1605-334@17 8.83 0.21
1605-268@+ 3.74 027
1605-268@2 9.26 0.26
1605-268@3 9.17 0.41
1605-268@4 9.13 0.33
1605-268@5 9.80 0.31
1605-268@6 8.48 0.29
1605-268@7 9.37 0.34
1605-268@8 9.43 0.27
1605-268@9 9.39 0.33
1605-268@10 9.11 0.33
1605-268@11 9.02 0.27
1605-268@12 9.85 0.30
1605-268@13 9.24 0.39
1605-268@14 8.17 0.29
1605-268@15 8.41 0.25
1605-155@]1 9.37 0.41
1605-155@2 8.91 0.33
1605-155@3 8.98 0.22
1605-155@4 9.14 0.26
1605-155@5 9.54 0.26
1605-155@6 9.10 0.32
1605-155@7 8.79 0.26
1605-155@8 8.40 0.32
1605-155@9 8.90 0.24
1605-53@+ 9.41 ET
1605-53@2 8.39 041
1605-53@3 8.68 0.28
1605-53@4 8.92 0.34
1605-53@5 8.82 0.23
1605-53@6 8.92 0.37
1605-53@7 9.23 0.35
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1605-53@8 9.05 0.28
1605-53@9 9.30 0.39
1605-53@10 8.70 0.25
1605-53@]12 9.11 0.33
1605-53@13 9.03 0.39
1605-53@14 8.80 0.32
1605-53@15 8.75 0.33
1605-53@16 8.65 0.36
1605-53@17 8.85 0.33
1605-53@18 9.51 027
1605-53@]19 9.00 0.30
1605-33@1 9.15 0.37
1605-33@2 9.20 0.29
1605-33@3 9.29 0.38
1605-33@4 9.52 0.35
1605-33@5 9.11 0.30
1605-33@6 318 0.32
1605-33@7 9.79 0.35
1605-33@8 9.68 0.34
1605-33@9 8.54 0.40
1605-33@10 9.55 0.36
1605-33@11 9.04 0.23
1605-33@12 9.65 0.32
1605-33@13 9.85 0.35
1605-33@14 9.48 0.28
1605-33@15 8.80 0.32
1605-33@16 9.65 0.31
313-72@1 9.84 0.40
313-72@2 9.88 0.31
313-72@3 9.56 0.32
313-72@4 9.81 0.24
313-72@5 9.98 0.37
313-72@6 9.70 0.33
313-72@7 9.53 0.34
313-72@8 10.28 0.20
313-72@9 10.17 0.29
313-72@10 10.12 0.30
313-72@11 10.32 0.26
313-72@12 10.06 0.39
313-72@13 9.92 0.25
313-496@]1 10.17 0.33
313-496@2 9.67 0.36
313-496@3 9.20 0.46
313-496@4 9.19 0.27
313-496@5 9.73 0.27
313-496@6 9.00 0.26
313-496@7 9.12 0.33
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313-496@8 9.11 0.36
313-496@9 9.21 0.24
313-496@]10 8.88 0.35
313-496@11 9.78 0.28
313-496@12 9.51 0.32
313-496@13 9.98 0.35
313-496@14 10.17 0.21
313-465@1 8.32 0.30
313-465@2 8.64 0.30
313-465@3 8.31 0.35
313-465@4 8.71 0.22
313-465@5 8.79 0.36
313-465@6 9.20 0.22
313-465@7 9.84 0.42
313-465@8 9.19 0.28
313-465@9 1048 629
313-465@10 9.30 0.26
313-465@11 9.10 0.21
313-465@12 9.31 0.38
313-465@13 8.51 0.25
313-465@14 9.51 0.25
313-465@15 1952 037
313-465@16 10-84 630
1605-194@1 9.09 0.38
1605-194@2 721 022
1605-194@3 760 639
1605-194@38 9.20 0.50
1605-194@9 8.38 0.38
1605-194@10 8.06 0.46
1605-194@]12 9.38 0.34
1605-194@13 8.83 0.32
1405-1-120@1 9.37 0.23
1405-1-120@2 9.22 0.25
1405-1-120@3 9.38 0.35
1405-1-120@4 9.26 0.36
1405-1-120@5 9.31 0.44
1405-1-120@6 9.54 0.26
1405-1-120@7 9.48 0.21
1405-1-120@8 9.64 0.33

10-44 032
i:“:;:”\i“ 9.63 0.35
e 9.75 0.49
1405-1- 9.51 0.30
120512 8.90 0.21
i 9.07 0.48
1605-209@1 8.71 0.25
1605-209@2 8.41 0.26
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1605-209@21 8.66 0.28
1605-209@3 8.65 0.37
1605-209@4 8.29 0.34
1605-209@5 8.37 0.31
1605-209@6 8.40 0.24
1605-209@7 9.14 0.27
1605-209@8 9.09 0.28
1605-209@9 8.78 0.29
1605-209@10 9.11 0.25
1605-209@11 8.80 0.29
1605-209@12 9.42 0.16
1605-209@13 9.09 0.26
1605-209@14 9.27 0.53
1605-209@15 9.05 0.25
1605-209@16 8.96 0.35
1605-209@17 9.06 0.29
1605-209@18 9.24 0.46
1605-209@19 8.67 0.27
1605-209@20 8.75 0.27
1605-480@1 9.98 0.29
1605-480@2 9.69 0.41
1605-480@3 9.04 0.27
1605-480@4 9.23 0.34
1605-480@5 9.12 0.32
1605-480@6 9.28 0.29
1605-480@7 8.70 0.44
1605-480@8 9.34 0.28
1605-480@9 8.82 0.25
1605-480@10 9.81 0.26
1605-480@11 9.60 0.45
1605-480@12 9.33 0.30
1605-480@13 9.13 0.27
1605-480@14 9.04 0.36
1605-480@15 8.69 0.27
1605-480@16 9.04 0.21
1602-81@1 8.61 0.27
1602-81@2 8.63 0.29
1602-81@3 8.27 0.32
1602-81@4 8.28 0.28
1602-81@5 8.52 0.31
1602-81@6 611 0.22
1602-81@7 8.76 0.36
1602-81@8 8.05 0.28
1602-81@9 8.12 0.36
1602-81@10 8.79 0.29
1602-81@11 0.54 0.40
1602-81@12 -0.32 0.32
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1602-81@13 0.05 0.26
1602-81 @14 0.22 0.24
1602-81@15 0.33 0.27
1602-81@16 -0.34 0.30
1602-81@17 0.60 0.27
1602-8Ha 8 —+68 027
1602-81 @19 -0.32 0.35
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Table 4.3 Weighted mean of SIMS quartz §'%0 values of mineralized quartz at Qulong

Sample Age 20 5"%0 20 Temperature
Thirteen mineralizaed quartz veins with Re-Os ages

313-145 16.126 0.008 8.39 0.09 425°C
313-460 16.107 0.015 9.16 0.08 398 °C
001-640 16.098 0.013 11.90 0.10 390 °C
1402-209 16.088 0.007 9.75 0.08 380 °C
1605-211 16.088 0.007 8.78 0.07 360 °C
1605-80 16.050 0.005 8.30 0.15 360 °C
1405-120 16.040 0.007 8.74 0.09 365 °C
1605-70 16.036 0.012 9.10 0.08 365 °C
1605-334 16.011 0.015 8.86 0.08 340 °C
1605-268 15.981 0.007 9.09 0.08 290 °C
1605-155 15.943 0.007 9.01 0.09 345 °C
1605-53 15.939 0.006 8.90 0.08 310 °C
1605-33 15.860 0.010 9.38 0.09 285 °C
Additional 7 mineralized quartz veins without Re-Os ages

Sample 50 20

313-72 9.98 0.08

313-496 9.52 0.08

1405-1-120 9.43 0.09

1605-480 9.17 0.08

313-465 8.98 0.08

1605-209 8.89 0.06

1605-194 8.86 0.06

1602-81 8.45 0.10

1602-81 0.12 0.10
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This PhD thesis addresses the magmatic and mineralization history of the
Qulong porphyry Cu-Mo system by applying state-of-the-art high precision
geochronology (molybdenite Re-Os and zircon U-Pb) and high spatial resolution
SIMS quartz oxygen isotope geology, based on detailed petrographic study and fluid
inclusion microthermetry. As this thesis was written as a series of papers each chapter
has its own specific conclusion section. This concluding chapter briefly draws together
the key aspects of each chapter and then suggests possible directions for future

research.

5.1 Nature of ore-forming fluid of the Qulong Cu-Mo deposit

Chapter 2 discusses fluid inclusion and U-Pb zircon geochronology of the
aplite phase of the Qulong porphyry. The U-Pb study showed that the aplite contained
purely Jurassic aged zircons. These zircon possess a low oxygen isotopic composition
(4.85 £ 0.23 %o), and sieve textures and mineral inclusions (quartz, feldspar and
fluorapatite), which are interpreted to indicate that the aplite potentially represents a
remelt of the Jurassic rocks with involvement of meteoric water.

A fluid inclusion study indicates that the ore-forming fluid contains Na, K, Ca,
Fe, Cu and Mo, along with Cl and S. Fluorine is also an essential component as
demonstrated by the presence of fluorapatite in zircon grains, as well as the dissolution
textures of K-feldspar from the potassic stage and quartz phenocrysts in the P porphyry.
Fluid inclusion study confirms the magmatic-hydrothermal transition occurred at ~425
°C under lithostatic pressure, while potassic, propylitic and phyllic alteration occurred
at hydrostatic pressure with temperature progressively decreasing from 425 to 280 °C.
The fluid inclusion data presented here suggest the Qulong porphyry system was

formed at a paleo depth of ~2.7 km. This implies that ~2.3 km of erosion has occurred
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at Qulong after its formation, which may be related with regional uplift of the Lhasa

terrane.

5.2 Timescale and cooling history of Qulong porphyry system

Chapter 3 discusses the timescale and cooling history of Qulong porphyry
system. The emplacement ages of the Rongmucuola pluton, the P porphyry and the
quartz diorite at Qulong have been refined to 17.142 + 0.014/0.014/0.023, 16.009 +
0.016/0.017/0.024 and 15.166 + 0.016/0.017/0.024 Ma. The mineralization lifetime,
defined by Re-Os molybdenite geochronology, of the Qulong porphyry Cu-Mo deposit
Is 266 +13 kyrs. The Re-Os dates indicate multiple short-lived mineralization cycles

which have a duration of tens of kyrs, which are comparable with those recently

proposed through high-precision dating (Buret et al., 2016; Tapster et al., 2016),

titanium diffusion in quartz (Mercer et al., 2015) and numerical modeling (Weis et al.

2012).

Existing Re-Os dates have appreciable uncertainties of 1.3 - 12.1 %, which is
predominately due to the analytical challenges during the early stages of Re-Os studies,
e.g., imprecise determinations of the stoichiometry of Os salts used for calibration of

spikes (Yin et al., 2001), and ICP-MS analysis (Stein, 2014). The uncertainties (3.8-

13.8 %) for the in-situ zircon dates come from analytical issues, e.g., U and Pb
fractionation, matrix effects, common lead, standard heterogeneity, data reduction and
sample problems, e.g., lead loss, inheritance. As a result this study supports the issues

of over interpreting low precision data as previous discussed (Von Quadt et al. (2011);

Schaltegger et al. (2015). This study reiterates that high precision geochronology is

necessary for resolving the magmatic timescale of young porphyry deposits, such as

Qulong.
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Correlating the Re-Os dates and fluid inclusion data (Li et al., 2016) suggests

that the entire hydrothermal system cooled from 425 to 280 °C with a cooling rate of
0.55 £ 0.11 °C/kyr and much faster cooling rates (~1.2 °C/kyr) for the individual pulses.
These cooling rates are much faster than that established from thermochronology (0.2

°C/kyr maximum) (Zhao et al., 2016), and potentially illustrates the problem of the

simplified cooling model used in thermochronology, which does not account for the

thermal input associated with fluid fluxing (Weis et al., 2012).

Integrating U-Pb and Re-Os data need to consider the systematic uncertainties
from spike calibration and decay constants which are a magnitude larger than the

analytical uncertainties (Chiaradia et al., 2013; Schoene et al., 2013; Schoene, 2014)

and as a result lose the necessary resolution to further understand the detailed

magmatic-hydrothermal processes associated with porphyry systems.

5.3 Meteoric water involvement triggered metal deposition at Qulong

Chapter 4 discusses the evidence of meteoric water involvement and role in
triggering metal deposition at Qulong. Zircon and groundmass quartz oxygen isotope
analysis of the Rongmucuola pluton suggests oxygen isotope equilibrium occurred at
680 + 52 °C. The groundmass quartz provides the best estimate for the §*80 value for
the magmatic fluids associated with the formation of the Qulong porphyry system as
7.56 = 0.26 %eo.

The absence of any relationship between fractures and SIMS 80 values of
vein quartz, plus the lack of time and temperature necessary for quartz to reach
complete oxygen isotope exchange, and the duration of quartz growth compared with

the time needed to reach oxygen isotope equilibrium, suggest that the studied samples
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reached oxygen isotope equilibrium with the fluids and record primary formation
oxygen isotopic compositions.

In contrast to the magmatic water value of 7.56 + 0.26 %o, for the duration of
dated molybdenite mineralization (16.126 — 15.860 Ma), vein quartz yields 5'®Of
values (calculated based on fluid inclusion data at 420 — 280 °C) between 1.83 + 0.76
- 7.59 + 0.47 %o. The vein quartz 5'80f values indicate the involvement of meteoric
water during the ore formation process at Qulong. The percentage of meteoric water
contribution is ~10 % at 16.126 Ma and progressively increases to ~25 % at 15.860
Ma. With an average mineralization temperature of 350 £ 50 °C the meteoric water
contribution to the porphyry magmatic-hydrothermal system is estimated as 17.58 +
8.55 %. In addition to the overall increase of meteoric water contribution to the
magmatic-hydrothermal system over the duration of porphyry formation, the §'80f
data also potentially demonstrates intermittent pulses of magmatic fluid activity during

ore formation (Fekete et al., 2016).

The strong dependence of the solubility of Cu and Mo with temperature

(Kouzmanov and Pokrovski, 2012), and the lack of evidence to support a mechanism

of metal deposition by decompression, boiling, magnetite crystallization and water-
rock interaction at Qulong, suggests that cooling via the involvement of meteoric water
is a fundamental control of metal precipitation at Qulong and likely other porphyry

systems worldwide (Selby et al., 2001; Fekete et al., 2016).

5.4 Outlook
The fluid inclusion study constrains the paleo-depth of Qulong as ~2.7 km and

indicates a ~2.3 km erosion after the formation of Qulong (Li et al., 2016). This erosion

has been supported by the absence of volcanic rocks at the top of Qulong porphyry
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system, which is typical for porphyry systems formed in extensional settings (Sillitoe,

2010). Interestingly, it is generally accepted that the Lhasa terrane experienced no or

limited uplift and erosion since the Miocene (Currie et al., 2005; Rowley and Currie,
2006). The exact reason for this discrepancy is unknown and needs further study.
Given the importance to understand the uplifting history of Lhasa terrane, e.g., Tibet

uplift and its climate impact (Raymo and Ruddiman, 1992; Zhisheng et al., 2001),

exposure and preservation of porphyry Cu systems (Richards, 2015), more detailed

and robust control for the uplift and erosion history of the Lhasa terrane should be
conducted. In addition, this study highlights the involvement of fluorine in ore-forming
fluid, and potentially is very important for the alteration and mineralization processes

(McPhie et al., 2011), but this remains poorly constrained and is worth pursuing.

This study demonstrates the mineralization at Qulong is comprised of multiple
short-lived pulses (tens of kyrs) based on direct dating of the ore mineral molybdenite,
but at what level this multi-pulsed mineralization process controls the formation of
giant deposits needs to be further explored. Further, this pulsed magmatic-
hydrothermal process is directly linked with the evolution of the magma chamber at

depth (Buret et al., 2016; Tapster et al., 2016), which is currently poorly understood.

An interesting finding is that both the Miocene ice-sheet expansion and the metals
enrichment process at Qulong share similar periodic pattern, whether there is a link
between the orbital configuration of Earth and porphyry ore formation is unclear but
definitely worthy investigation.

In addition, the Re-Os and U-Pb geochronology, and fluid inclusion data are
interpreted to propose that the thermal cooling of the Qulong hydrothermal history was
2.5 times quicker than previous estimates based on thermochronology. As a result this

study suggests the need to refine the model used in thermochronology studies, and
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future thermal history studies should take the thermal contribution associated with
magmatic fluids into account.

Although the involvement of meteoric water has been documented in many

porphyry deposits worldwide (Friedman et al., 1974; Sun and Eadington, 1987,

Hedenquist and Aoki, 1991; Sheets et al., 1996; Selby et al., 2001; D'Errico et al.,

2012), itis generally accepted that its role in the deposition of ore minerals is negligible.
Correlating high precision geochronology and high spatial resolution geochemical data
has demonstrated to be a promising tool to evaluate the fluid evolution process of
hydrothermal deposits. The involvement of meteoric water at Qulong has been
suggested in this study as the trigger of sulfide mineral precipitation. This
interpretation is in accord with recent studies using either geochemical or modelling
methodologies emphasize the critical role of meteoric water in the formation of several

deposit types (Lackey et al., 2011; D'Errico et al., 2012; Weis et al., 2012; Beaudoin

and Chiaradia, 2016; Fekete et al., 2016). Further research will permit the development

of genetic models of hydrothermal deposits that initially alluded to nearly 40 years ago,
but were variably discredited.

The rapid metals deposition process proposed in this study should be further
tested in other class deposits, e.g., the giant ones in Andes. Although Qulong is the
biggest porphyry copper deposit in China, but it is still much smaller than these
documented in subduction settings, does the short duration actually due to its smaller
size or tectonic setting is still unknown, and should be tested in deposits of different
sizes and tectonic settings in further research.

The role of meteoric water proposed in this study is supported by other studies,
however, it should be noted that there are also many porphyry copper deposits that

does not involve detectable involvement of meteoric water. The reasons for the lack
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of meteoric water in some deposits can be the similarity of oxygen isotopes in
magmatic water and meteoric water makes it difficult to trace involvement of meteoric
water in small amount, e.g., < 20 %. If this is the case, hydrogen isotopes should be
more sensitive and should be conducted in future studies.

This study is focused on the metals enrichment process, the outcome also has
broad implications for the exploration industry. For example, the thickness of erosion
can be used to guide exploration strategy, where limited erosion indicates good
preservation while intensive erosion potentially means the orebody is lost. In general,
with the mineralization age tightly constrained, the mineralization potential of a given
intrusion can be evaluated with higher confidence, e.g., if the age of a given intrusion
is identical with the known mineralization in the same area, mineralization
accompanying that intrusion is expected. As meteoric water potentially controls the
efficiency of metals deposition, when limited meteoric water is involved during the
emplacement of an intrusion, less mineralization is expected in general.

Lastly, the uncertainties of spike calibration and decay constants currently are
the major limiting factor of the resolution when comparing Re-Os and U-Pb dates. As
such an urgent goal for the Re-Os community is to develop a shared spike across

laboratories similar to that carried out for the U-Pb community (Bowring et al., 2011;

McLean et al., 2011; Condon et al., 2015; McLean et al., 2015) to permit an improved

cross-calibration between the Re-Os and U-Pb radiometric clocks to reduce these

uncertainties (Chiaradia et al., 2013).
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