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Abstract

Increases in the magnitude of positive Ce anomalies in zircons from igneous rocks are often interpreted to be controlled by
progressive melt oxidation and have been used to provide evidence for the elevated redox state of magmas associated with
porphyry Cu deposits. In this paper, we test this idea by comparing trace element compositions of zircons from the Resolution
porphyry Cu-Mo deposit, Arizona, with numerical models of melt Ce systematics and zircon-melt trace element partitioning.
We show that although Ce anomalies in Resolution zircons (estimated by the chondrite-normalised ratio of Ce and Nd) may
increase by over an order of magnitude throughout the period of zircon crystallisation, oxybarometric estimates in fact indi-
cate a constant melt redox during this time. We employ a Monte Carlo approach to model the evolution of the Ce anomaly in
zircon as a function of temperature, fO,, and melt composition, and compare our model against literature zircon data from
chemically well-constrained volcanic rocks. We find that large increases in the magnitude of the Ce anomaly can be repro-
duced by cooling at fixed oxidation state and that this effect is magnified by increasing the melt Ce/Nd ratio, which can be
driven by the co-crystallisation of amphibole, apatite and especially titanite. Increases in melt oxidation state are not sufficient
to explain high positive Ce anomalies in zircons from some hydrous, oxidised volcanic and hypabyssal rocks, which addition-
ally require a combination of titanite co-crystallisation and low crystallisation temperature. We therefore caution against the
interpretation of zircon Ce anomalies solely in the context of melt fO, variation.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION including the rare earth elements (REEs), Y, Ti, Hf, Th
and U (Hoskin and Schaltegger, 2003). Due to its

Zircon has proven to be an essential tool in unravelling robustness and resistance to alteration and diffusive re-

the complex petrogenesis of igneous and metamorphic
rocks. In addition to its widespread use in geochronological
studies (e.g., Davis et al., 2003), zircon also provides a
chemical record of its crystallisation environment due to
the partitioning of many trace elements into its structure,
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equilibration (Cherniak and Watson, 2003), zircon is partic-
ularly useful in understanding the petrogenesis of igneous
rocks where the chemical context has been compromised
by weathering and erosion (i.e., detrital zircons; Morton
et al., 2015) or strong chemical alteration in magmatic-
hydrothermal systems. One recent application of zircon
chemistry is in tracking the evolution of magmas associated
with porphyry Cu-Mo-Au ore deposits. These systems com-
prise large volumes of metal sulphide-bearing, hydrother-
mally altered rock, in which the main ore-forming
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components (metals, sulphur, chlorine, hydrothermal flu-
ids) are derived from primarily subduction-related,
intermediate-felsic magmas (Seedorff et al., 2005; Sillitoe,
2010). The ‘fertile’ magmas that are predisposed to form
such deposits are thought to originate by extensive frac-
tional crystallisation in the deep crust under oxidising and
hydrous conditions, where amphibole and garnet dominate
the fractionating assemblage and plagioclase is suppressed.
This imparts a characteristic whole rock trace element sig-
nature (e.g., low Y, high Eu and Sr; Richards, 2011;
Loucks, 2014). However, this may be modified by the later
hydrothermal alteration that is ubiquitous in these systems.
Thus, zircon has received attention as it may preserve an
intact record of these igneous signatures and thereby consti-
tute a useful tool for porphyry deposit exploration (e.g.,
Pizarro et al., 2020).

Two features of porphyry zircon chemistry which are a
particular focus of study are the anomalous concentra-
tions of Eu and Ce. Unlike other REEs, which are exclu-
sively trivalent, Ce and Eu may also exist as Ce** and
Eu®" in terrestrial magmas (Burnham and Berry, 2014;
Burnham et al., 2015). Due to its similar ionic radius
and charge to Zr**, Ce*" is considerably more compatible
in zircon than Ce®*, leading to anomalously high Ce in
zircon (generating a positive Ce anomaly in REE pat-
terns). Conversely, Eu?" is much less compatible than
Eu®", meaning that zircons commonly display negative
Eu anomalies. The magnitude of these anomalies are nor-
mally expressed as the ratio of measured Ce or Eu to the
concentration expected if these elements behaved similarly
to their neighbouring cations, denoted by Ce* and Eu*
(where Ce* = /(Lan x Pry) and Eu* = /(Smy x Gdy)
and the subscript N means values are chondrite nor-
malised; Sun and McDonough, 1989).

Recent studies have noted that the values of Eu/Eu* and
Ce/Ce* in zircons from porphyry-related magmas are, on
average, higher than those in typical arc magmas (e.g., Lu
et al., 2016; Loader et al., 2017; Pizarro et al., 2020). Fur-
thermore, these values have been shown to increase pro-
gressively with fractionation within a population of
zircons from a single rock (e.g., Kobylinski et al., 2020),
and between successive intrusions leading up to a porphyry
ore-forming event (e.g., Ballard et al., 2002; Dilles et al.,
2015). Experimental studies have shown that both Ce/Ce*
and Eu/Eu* increase with melt oxygen fugacity (fO-;
Burnham and Berry, 2012; Trail et al., 2012; Smythe and
Brenan, 2016). This has potential metallogenic significance:
at higher fO,, sulphur is present in magmas as sulphate
(ST, whereas in more reduced magmas (below the fayalite
magnetite quartz (FMQ) redox buffer) sulphide (S*7) dom-
inates (Jugo et al., 2010), which saturates more easily to
form an immiscible sulphide melt which strongly partitions
Cu (e.g., Patten et al., 2013). This can lead to the loss of
both sulphur and metals from the melts, thereby potentially
reducing their ore-forming potential. Taken together, these
observations have been used as evidence that: (1) porphyry
magmas are more oxidised than typical arc magmas
(>AFMQ +2; Sun et al., 2015); and (2) that fO, increases
through successive intrusions leading up to mineralisation,
and therefore may be a controlling factor in ore formation.

However, the magnitudes of zircon Eu/Eu* and Ce/Ce*
are unlikely to solely depend on melt fO,. For example,
Loader et al. (2017) demonstrated that high Eu/Eu* values
in porphyry zircons can be generated by the onset of titanite
crystallisation, which may be induced by changes in melt
composition and temperature as well as increases in oxida-
tion state (Kohn, 2017). This interpretation has been
echoed in studies of zircon from other porphyry systems,
where phases such as apatite, plagioclase, and amphibole
have also been suggested to influence coeval melt, and
thence zircon Eu anomalies (Rezeau et al., 2019;
Nathwani et al., 2021). Similarly, zircon Ce anomalies are
likely to reflect a more complex set of physical and chemical
processes beyond simply recording changes in oxidation
state. For example, Loucks et al. (2018) showed, with refer-
ence to experimental and natural zircons (Colombini et al.,
2011; Burnham and Berry, 2012), that the relative partition-
ing of Ce*" over Ce** in zircon increases as melt tempera-
ture decreases, meaning the overall partitioning of Ce in
zircon can be temperature sensitive (Trail et al., 2012) and
therefore also linked to the degree of melt differentiation.
Furthermore, Smythe and Brenan (2015) showed that
Ce*"/Celt,,, higher values of which will lead to larger pos-
itive zircon Ce anomalies, is controlled by temperature,
melt water content, degree of melt polymerisation, and oxi-
dation state. Finally, the unequal fractionation of REE due
to the co-crystallisation of titanite and other phases (e.g.,
Wotzlaw et al., 2013; Szymanowski et al., 2017) may affect
estimates of the magnitude of Ce* insofar as these estimates
are based on extrapolations from other REEs.

In this paper, we attempt to reconcile these competing
variables in a model which can reproduce trends in the
Ce anomalies of zircons from diverse igneous systems. We
use a Monte Carlo numerical modelling approach to evalu-
ate the sensitivity of the Ce anomaly to a variety of param-
eters. We compare our model results to new zircon data
from one of the world’s largest porphyry systems, the Res-
olution porphyry Cu-Mo deposit, Arizona, as well as liter-
ature zircon data from several volcanic systems.

2. METHODS
2.1. Sample details

Fifteen intrusive rock samples were collected for this
study from the Resolution district, both from drill core
within the deposit and surface samples from regional intru-
sions. Twelve of the samples are from felsic dykes and
stocks in the Resolution system. These contain a phenocryst
assemblage of feldspar, biotite and quartz in a groundmass
of the same phases (Fig. la, b) and have been intensely
hydrothermally altered, destroying much of the original
igneous mineralogy. An initial stage of potassic alteration
led to the replacement of all plagioclase (including the phe-
nocrysts) with K-feldspar (Fig. 1a) and some rocks in shal-
low parts of the deposit were affected by a subsequent stage
of phyllic alteration which replaced the K-feldspar with ser-
icite and the biotite with sulphides (Fig. 1b) and advanced
argillic alteration characterised by pyrophyllite, topaz,
and dickite (Hehnke et al., 2012). All of the Resolution
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Fig. 1. Representative images of studied samples. (A) Potassic alteration and (B) sericitic alteration in a crowded rhyodacite porphyry from
the Resolution deposit. Note the preservation of rounded quartz ‘eyes’ in sericitically altered rocks. (C) the main phase of the Schultze
Granite; and (D) felsic porphyritic dyke from the Apache Leap intrusions.

intrusions are considered to predate the main mineralisa-
tion event.

Two samples were selected from the Schultze Granite — a
batholith considered to be the ‘parent’ pluton to the Reso-
lution intrusions, which crops out ~8 km northeast of the
Resolution deposit. The granite comprises quartz, plagio-
clase, megacrystic K-feldspar, and biotite, with accessory
apatite, magnetite, and zircon (Fig. 1c). One minor felsic
dyke was sampled near the town of Superior to the west
of Resolution. This intrusion was previously dated by
Seedorffet al., 2019 to 66.2 + 1.0 Ma, and comprises sparse
feldspar, quartz, and subordinate chloritised amphibole
phenocrysts in a fine-grained, weakly altered groundmass
(Fig. 1d). A sample list is given in the Appendix. Further
details of the samples are available in Loader (2017).

2.2. Mineral separation
Samples were crushed and sieved through a 300 pum

mesh. The fine sand fraction was then run through a cen-
trifuge with lithium metatungstate to remove grains with

density < 2.8 g cm 3. Residual heavy components were
dried and run through a Franz magnetic separator at vary-
ing current (0.5 A, 1.0 A and 1.6 A). Zircons were separated
from other minerals in the non-magnetic fraction by di-
iodomethane liquid. Once separated, zircons were picked
under ethanol and mounted in 25 mm diameter epoxy resin
blocks that were then polished to expose the midsections of
the crystals.

2.3. Analytical techniques

Zircons were imaged and analysed during the same lab-
oratory runs described by Loader et al. (2017) at the Imag-
ing and Analysis Centre of the Natural History Museum,
London, UK. Cathodoluminescence (CL) imaging of tex-
tures in zircon grains and identification of mineral inclu-
sions were conducted using a Zeiss EVO scanning
electron microscope (beam current 3.0 &+ 0.3 nA, accelerat-
ing voltage 20 kV).

Trace element LA-ICP-MS analyses were carried out
using an Agilent 7500cs quadrupole ICP-MS coupled to
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an ESI New Wave UP193FX laser ablation system. Each
analysis consisted of a 40 s measurement of instrument
background, followed by a 95 s measurement during zircon
ablation. A fluence of 2.5-3.0 J cm 2 and a spot size of
30 um were used. Primary and secondary standards for
trace element analyses were NIST-612 and BCR-2 g,
respectively. A stoichiometric value of Si (15.3 wt.%) was
used as an internal standard to calibrate the mass of trace
elements, and ExLAM2000 (Zacharias and Wilkinson,
2007) was used to process laser ablation data. Spectra were
monitored for any chemical heterogeneity arising from acci-
dental analyses of mineral or melt inclusions. Secondary
standard (BCR-2 g) analyses, calibrated using the NIST-
612 glass, reproduced the reference values with less than
+10% bias in all trace elements. Analytical precision, as
determined by replicate analyses of BCR-2 g calibrated by
NIST-612, was <4.5% relative standard deviation for all
elements reported. See Loader et al. (2017) for accuracy
and precision details.

2.4. Ti-in-zircon thermometry and zircon oxybarometry

Estimates of temperature were made using the Ferry and
Watson (2007) calibration of the Ti-in-zircon thermometer,
with atio, and agip, values of 0.7 and 1 respectively, in line
with other estimates for zircons from porphyry systems
(e.g., Chelle-Michou et al., 2014). The zircon oxybarometer
of Loucks et al. (2020) was used to estimate melt fO,.

3. RESULTS
3.1. Estimating Ce anomalies in zircon

First, we critically assessed existing methods used to
quantify the Ce anomaly in zircon. Although most authors
estimate the Ce anomaly geometrically using the geometric
mean of La and Pr to estimate Ce*, this approach is not
practical in zircon because both elements are present in
such low concentrations that analyses very often fall below
the limit of detection or are contaminated by accidental
analysis of mineral inclusions. If the coexisting melt REE
composition is known, Ce* may be estimated from parti-
tion coefficients using the lattice strain equation of
Blundy and Wood (1994) (Fig. 2a; Trail et al., 2012), yet
a coexisting melt is rarely available for natural zircons. In
the absence of an equilibrium melt composition, internally
consistent methods for estimating Ce* by extrapolating
from measured REE heavier than Pr have been suggested
(Loader et al., 2017) and improved upon (Zhong et al.,
2019). We compared both methods with estimates for Ce*
determined by lattice strain using natural zircon-matrix
glass pairs and found that neither method was able to accu-
rately reproduce the lattice strain value for Ce*, with very
large discrepancies occurring in some cases (Fig. 2).

Here, as a practical and internally consistent simplifica-
tion, we follow Chelle-Michou et al. (2014) and Lu et al.
(2016) and use the ratio of chondrite-normalised Ce and
Nd (Ce/Nd,,.) to approximate the magnitude of Ce enrich-
ment with respect to other light REE. This parameter was
preferred for the purposes of this study because it can be
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Fig. 2. Evaluating two methods for estimating Ce*, from Loader
et al. (2017) and Zhong et al. (2019). (A) log-normalised measured
zircon partition coefficients for transitional tholeiitic-alkalic sample
IOHN-1 (Claiborne et al., 2018) versus the ionic radius parameter
of the lattice strain equation (Blundy and Wood, 1994). The dotted
line indicates a regression fitted to Ds for cations heavier than Nd
(black squares) using the lattice strain equation. Ds for trivalent
light REE (open squares) should fall on this regression line, as
should the hypothetical D¢ex; the deviation of D¢, from the line for
IOHN-1 is due to the presence of tetravalent Ce, whereas the
deviation of Dy, is likely due to very minor contamination during
analysis. (B) Percentage error of REE concentrations in zircon
estimated by the fitting technique of Zhong et al. (2019) calculated
for published zircon-melt pairs. The comparison reference value is
estimated using a lattice strain fitting technique (see Appendix for
method). Sample IOHN-1 shown in (A) is highlighted in blue.
Although the D¢+ estimate of Zhong et al. (2019) appears to be a
reasonably close match for the lattice strain model shown in (A)
and is much closer than the estimate of Loader et al. (2017), the
resultant estimate for Ce* in zircon deviates significantly relative to
the reference value determined by lattice strain fitting. This
confirms that Ce* cannot be accurately estimated, precluding the
usefulness of Ce/Ce* as a parameter for zircon compositions.

calculated for literature data where not all the REE are
reported, and because it is easier to model as only the con-
centrations and partition coefficients of two elements are
needed. The ratio Ce/Nd,. correlates well with lattice
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strain estimates for Ce/Ce* and is lower by approximately a
factor of 10 (see Appendix).

3.2. Petrography and geochemistry

Zircons in all studied rocks range in size from <50 to
~300 um, the largest being those from the Schultze Granite
(Fig. 3c). Inherited cores of Proterozoic age are very com-
mon in zircons from all samples (cf. Seedorff et al., 2019);
these are easily distinguished by irregular truncations in
CL zoning patterns (Fig. 3) and are not considered further
here. Care was taken when processing trace element data to

remove any mixed Proterozoic-Cretaceous analyses (distin-
guishable by low elemental U/Pb and Th/Pb ratios com-
pared to normal rim values). Zircon rims often show
narrow, concentric, oscillatory zoning (Fig. 3).

Zircons have chemical characteristics which indicate a
dominant control of fractional crystallisation, with increas-
ing Yb/Gd, and decreasing Eu/Eu*, Th/U, and Ti with
increasing Hf content (Fig. 4). The ratio of Ce/Nd,,. pro-
gressively increases from ~3 to 50 with decreasing Ti-in-
zircon temperature (Fig. 5). Rather than reflecting an
increase in Ce, which displays large scatter but on average
remains nearly constant throughout fractionation, the

Fig. 3. Representative SEM-CL images of zircon in this study. Zircons from (A) Resolution intrusions; (B) Apache Leap felsic intrusions; and
(C) Schultze Granite. Distinct Proterozoic cores and late-Cretaceous rims are identifiable in all examples, separated by an irregular resorption
boundary, against which the zoning in the cores is truncated. White arrows indicate devitrified melt inclusions, and pink arrows highlight

apatite inclusions.
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increase in Ce/Nd,,. is due to the nearly two orders of mag-
nitude decrease in Nd observed from 900 to 650 °C (from
13.5 to 0.2 ppm; Fig. 5b, c).

Estimates of melt fO, using the oxybarometer of Loucks
et al. (2020) suggest a consistent oxidation state, buffered at
approximately FMQ +2 (Fig. 6).

4. DISCUSSION
4.1. Controls on the magnitude of the Ce anomaly in zircon

As the ratio Ce/Ce* cannot be measured or estimated
accurately in zircon, the following discussion uses and
investigates Ce/Nd as a proxy for the Ce anomaly. The
magnitude of Ce/Nd,. can be expressed as the quotient
of the individual Nernst partitioning equations for each
element:

D¢ % Xmelt

Ce/Ndzrc = C;EL ( rizlt)N (1)
Dg < (Xya )y

where DZ¢ and Dy are the zircon/melt partition coefficients

for Ce and Nd, X2 and X" are the melt concentrations
for the same elements, and the subscript N denotes
chondrite-normalised values (Sun and McDonough,
1989). Given that Ce*" and Ce>" have different charges
and ionic radii and thus different partitioning behaviour
(Blundy and Wood, 1994), DE; varies as a function of the
individual partition coefficients for Ce*' and Ce**, and
their relative abundance in their melt. Following Wilke
and Behrens (1999) and Aigner-Torres et al. (2007):

4+ re _ re
Ce _ DZCEH DZCB

(2)

3+ - re re
Ce melt Dz‘e - che4+
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where chre%‘ and DZC‘SCM are the zircon/melt partition coeffi-
cients for Ce** and Ce*". Consequently, to model the mag-
nitude of the Ce anomaly using Eq. (1), the individual
partition coefficients for Ce*" and Ce*" and the ratio of
both species in the melt must be estimated.

Studies of natural zircon-melt pairs have shown that for
compatible REEs, Dﬁ’FfEh values are inversely proportional
to temperature (i.e., REE*" partition more strongly into
zircon at lower temperature; Claiborne et al., 2018),
although the effect is significantly diminished as the cation
radius, r;, diverges from the ideal site radius, r,. For zircon,
rf)* (~0.94 A; e.g., Colombini et al., 2011) is much smaller

than r s, or . (1.143 and 1.109 A respectively). Conse-

Ce’”
quently, estimates of D(Z;%+ and Di"fh show no clear rela-

tionship with temperature (see Appendix), likely varying

.20 " " "
550 650 750 850 950

Ti-in-zircon temperature (°C)

Fig. 6. Log oxygen fugacity (logfO,) versus Ti-in-zircon temper-
ature for the zircons from this study. LogfO, was calculated using
the zircon oxybarometer of Loucks et al. (2020). The fayalite-
magnetite-quartz (FMQ), nickel-nickel oxide (NNO), and mag-
netite-hematite (MH) redox buffers are shown for reference. Most
fO, estimates are two log units above FMQ (FMQ +2). Symbols as
in Fig. 5.

within the error of the analyses. On the other hand, Ce*"
has the same charge and a sufficiently similar ionic radius
(Fesr = 0.97) to the ideal tetravalent cation (rg" ~ 0.84;
Colombini et al., 2011), so Ce*t partitions much more
strongly into zircon at lower temperature (Fig. 7). This
means that all other things being equal (i.e., fixed melt com-
position, relative fO,, and cett/cet, ratio), the magni-
tude of the Ce anomaly in zircon is expected to increase
with decreasing temperature (c.f. Loucks et al., 2018). How-
ever, during the period of zircon crystallisation, the melt
composition, fO,, and melt Ce**/Ce*" ratio may vary con-
siderably. Smythe and Brenan (2015) experimentally deter-
mined a relationship between Ce*'/Celf;, and melt
oxidation state, temperature, water content, and degree of
polymerisation:

melt 4 T(K)

melt
AN 13136
n {x&“ } = I f0, + 20~ 2.064 - NBO/T — 8.878
Ce3+
 xH,0 — 8.955 3)

where T is temperature in Kelvin, NBO/T is the ratio of
non-bridging oxygens to tetrahedral (network-forming)
cations, and xH,O is the mole fraction of water in the melt.
This relationship predicts increases in Ce*'/Celt; with
increasing melt fO,, and with decreasing temperature,
xH,0, and NBO/T. Similar dependences have been repro-
duced in experiments by Burnham and Berry (2014) except
for NBO/T, which was found to have the opposite effect on
Ce*T/Celly in experiments without alkalis in the starting
composition. The importance of melt alkali abundance on
Ce speciation (see Cicconi et al., 2021 for review) makes
the Smythe and Brenan (2015) experiments more applicable
to late-stage felsic melts typically in equilibrium with
zircon.
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Overall, the Ce anomaly is dependent on a multitude of
factors that are rarely considered when interpreting zircon
geochemical data. To assess the importance of these param-
eters in controlling Ce anomalies in natural zircons, we
developed a numerical model which simulates Ce/Nd,,. as
a function of fO, temperature and melt composition. Our
model uses a Monte Carlo approach where parameters
are varied stochastically within realistic bounds.
Ce*"/Celly is calculated using Eq. (3) by varying fO, and
NBO/T as a function of the independent variable, temper-
ature. We assumed water-saturated conditions at 200 MPa
to fix the melt water content at 6 wt.% (xH,O = 0.1866;
Newman and Lowenstern, 2002). We parameterised
NBO/T as a function of temperature using a compilation
dataset of experimental glasses equilibrated at ~200 MPa
(Fig. 8). Using the calculated Ce*'/Celt; values and by
rearranging equation (2), we estimated Dg;. To do this,
we used the relationship between DT, and temperature,
described above, which was parameterised from a compila-
tion of published zircon-melt pairs (Fig. 7). DZ5. and Dyg
were kept constant and derived from published partition
coefficients (Sano et al., 2002; Bachmann et al., 2005;
Marshall et al.,, 2009; Padilla and Gualda, 2016;
Claiborne et al., 2018). Finally, we varied the initial
Ce/Nd,,¢ ratio between 2 and 5, representing the natural
range observed in rocks and matrix glasses in felsic volcanic
systems (see Appendix). Details of the Monte Carlo simula-
tions are available in the Appendix.

4.2. Effect of temperature

The model is consistent with earlier conclusions that
temperature is a key variable controlling the magnitude of
the Ce anomaly in zircon (Fig. 9). Zircons crystallising at
high temperature (850-900 °C) have only small, positive
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Fig. 8. In NBO/T versus 1/T(K) for experimental glasses from
Rutherford et al. (1985), Moore and Carmichael (1998), Johnson
and Rutherford (1989), Sisson and Grove (1993), Grove et al.
(1997), Martel et al. (1999), Rutherford and Devine (2003), and
Marxer and Ulmer (2019). These experiments were run at
~200 MPa. A best-fit line and corresponding equation are shown
on the plot (R* = 0.81). This relationship defines the change in
NBO/T with decreasing temperature in our model.

Ce anomalies (Ce/Nd,,. < 20), even at high fO, and high
initial Ce/Ndyeq (AFMQ +2; Ce/Nde; = 5; Fig. 9a).
However, decreasing temperature is accompanied by a sig-
nificant increase in zircon Ce anomaly for a fixed Ce/Nd e
and a buffered melt fO,. This occurs due to: (a) the increase
in melt Ce*"/Ce®* with decreasing temperature; and (b) the
increased overall compatibility of Ce in zircon due to the
increase in DT5. with decreasing temperature. Of these
two processes, we find that increases in D75, play a more
significant role in controlling the Ce anomaly than increas-
ing melt Ce**/Ce®". This is because Dg%. increases by an
order of magnitude between 950 and 650 °C (Fig. 7), caus-
ing a significant increase in Ce compatibility with cooling.
Conversely, at a fixed oxidation state, Ce*"/Celf,, only
increases by a factor of approximately 1.5 between 1000
and 800 °C, below which it begins to decrease (Fig. 10).
Although Eq. (3) predicts a strong increase in Ce*"/Cel.ty
with decreasing temperature, an effect which is intensified
by the concomitant decrease in NBO/T upon cooling
(Fig. 8) which Eq. (3) shows would also act to increase
Ce*t/Celly,, both effects are moderated by the decrease in
the absolute value of logfO, with decreasing temperature
when following redox buffers (Fig. 6). Furthermore, the
rate of NBO/T decrease during cooling slows exponentially
(Fig. 8), whereas the rate of logfO, decrease with cooling
continues to increase (Fig. 6), leading to a stabilisation

and eventual decrease of Ce*"/Cel, at low temperature.

4.3. Effect of melt oxidation state

As expected, our model predicts that zircons crystallising
from more oxidised melts have larger positive Ce anomalies
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Fig. 9. Results of Monte Carlo simulations of the Ce/Nd, ratio
(n = 10,000). (A) two model runs at constant fO, (FMQ and
FMQ +2), but variable melt chemistry (Ce/Nd,. = 2-5) and
temperature. (B) fixed melt chemistry (Ce/Nd,,. = 2) but variable
O, (AFMQ-AFMQ+3). These simulations highlight the relative
importance of temperature, melt chemistry and fO, in governing
the Ce anomaly in zircon. See text and supplementary information
for a detailed discussion of the method.
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Fig. 10. Modelled melt Ce**/Ce*" as a function of the 1/T(K) for
fO, values relative to the FMQ buffer (FMQ +0, +1, and +2)
calculated using Eq. (3).

(Fig. 9a, b). This is because elevated melt fO, produces a
higher Ce*'/Celt, at a given temperature, leading to
increased partitioning of Ce relative to Nd in zircon. How-
ever, this does not mean that a trend of increasingly positive
Ce anomalies with decreasing temperature reflects increasing
melt oxidation state. When we fix the fO, in our model to
match near-constant relative-to-buffer oxidation state dur-
ing cooling of the Resolution system implied by the oxy-
barometer of Loucks et al. (2020), we observe a trend of
increasing Ce/Nd,,. with decreasing temperature which
approximately matches the trend in the Resolution data
(Fig. 11). In fact, even if the melt fO, is forced to decrease rel-
ative to redox buffers during cooling, increases in Ce/Nd,.
may still result. These results show that increases in the size
of positive Ce anomaly in zircon do not necessarily reflect
increases in melt oxidation state and may in fact mask a mod-
est melt reduction.

4.4. Effect of melt composition

Our model predicts that melt composition plays an
important role in controlling the Ce/Nd ratio in zircon.
For a fixed temperature and fO,, increases in Ce/Nd e
cause proportional increases in Ce/Nd,. (Fig. 9a), as
described by Eq. (1). This effect is great enough that dou-
bling Ce/Nd,,¢;¢ within realistic bounds produces a greater
increase in Ce/Nd,,. than increasing the fO, by a log unit.
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Fig. 11. Ce/Nd,. versus temperature for Resolution zircons,
overlain by modelling results. For the model, fO, was held
constant at AFMQ +2 in line with oxybarometric estimates (see
text). In the absence of matrix glass or melt inclusion data, melt
chemistry was fixed at Ce/Ndp,;; = 2, consistent with the Laramide
porphyry rock chemistry (e.g., Lang and Titley, 1998). The effect of
varying the Ce/Nd,,;; parameter between 1 and 3 is shown by the
dashed lines, indicating that much of the variability in the data can
be explained by fluctuations in melt chemistry. This model
highlights the effect of decreasing temperature on zircon Ce
anomalies; the observed increase shows how melt oxidation is not
required to explain elevated Ce anomalies in zircon. The model is
also able to reproduce the spread of the zircon data if Ce/Ce* is
considered instead of Ce/Nd (see Appendix).
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An obvious question that follows is what processes can
modify Ce/Nd,,; sufficiently to impact the Ce/Nd ratio in
zircon? To assess these effects, we turn our attention to data
from volcanic rocks with well-constrained melt chemistry.
Although compilations of whole rock data show little vari-
ability in Ce/Nd, . across the bulk compositional range
(~1.5-2; see Appendix), zircon saturates well below the lig-
uidus in intermediate to felsic magmas, after ~30-50% crys-
tallisation (Schopa et al., 2017; Marxer and Ulmer, 2019),
affording ample opportunity for residual melt compositions
to diverge from bulk magma compositions by in-situ crys-
tallisation. Increases in Ce/Nd e would be expected in this
interval if magmas saturate phases that partition Nd more
strongly than Ce; this is the case for both amphibole and
titanite (Dce/Dng  ~ 0.3; Bachmann et al., 2005;
Nandedkar et al., 2016) and, to a lesser extent, apatite
(~0.6; Sano et al., 2002). Conversely, plagioclase crystalli-
sation would generate a lower Ce/Nd ¢ (Dce/Dng = 1.5;
Bachmann et al., 2005). Allanite, despite having very large
partition coefficients for light REEs (Dc. up to 2245;
Klimm et al., 2008), has Dc./Dnqg ratios close to unity
(~1.1-1.2) which, coupled with the very small abundance
of allanite in some volcanic rocks (e.g., <50 ppm modal
allanite in the early Bishop Tuff pumices; Hildreth and
Wilson, 2007) means allanite is not able to strongly frac-
tionate Ce from Nd, and thus will not be considered
further.

A control of Ce/Nd,,e; by titanite crystallisation is sup-
ported by interstitial glass data from titanite-bearing vol-
canic rocks which exhibit Ce/Nd,,.; ratios that exceed
bulk rock values by a factor of 2-3. For example, the daci-
tic Fish Canyon Tuff (Colorado, USA) contains both
amphibole and titanite among other phenocrysts and has
interstitial glass Ce/Nd values of 4-5, exceeding bulk rock
values of ~2 (Bachmann et al., 2002). These inferred Ce/
Ndpee values may have been even higher prior to late-
stage thermal rejuvenation and partial titanite remelting,
which released REE back into the melt (Wotzlaw et al.,
2013; see also Szymanowski et al., 2017). By contrast, the
phenocryst assemblage of the Bishop Tuff (California,
USA) is dominated by quartz, sanidine, and plagioclase,
with close to no titanite and amphibole, and the Ce/Nd
of both the interstitial glass and bulk rock are similar
(~2-2.5; Hildreth, 1979; Chamberlain et al., 2015). In both
volcanic systems, the interstitial glass chemistry is thought
to represent the pre-eruptive residual melt composition that
was dominantly controlled by the in-situ crystallisation and
resorption of the phenocryst phases (Bachmann et al., 2002;
Wotzlaw et al., 2013).

To assess the effect of titanite crystallisation on the mag-
nitude of Ce/Nd,,. we modelled the chemistry of zircons
from the titanite-absent Bishop Tuff and Mt. Pinatubo
1991 dacite, and the titanite-bearing Fish Canyon, Peach
Springs (Arizona, California, USA), and Kneeling Nun
Tuffs (New Mexico, USA) and Highland Range volcanics
(Nevada, USA) (data from Colombini, 2009; Reid et al.,
2011; Pamukcu et al., 2013; Lu et al., 2016; Szymanowski
et al., 2017; Nathwani et al., 2021). In the titanite-bearing
tuffs, titanite crystallisation was simulated by increasing
the Ce/Ndei linearly from 2 to 5, beginning at between

750 and 775 °C (the approximate saturation temperature
of titanite in these systems; e.g., Olson et al., 2017;
Szymanowski et al., 2017) and finishing at the approximate
water-saturated granite solidus of 650 °C. For the Bishop
Tuff zircons, the low Ce/Nd,. ratios at ~20 are easily
reproducible by modelling at constant Ce/Nd,,¢;; and vary-
ing fO, to match estimates from Fe-Ti oxides (Hildreth and
Wilson, 2007; Fig. 12a). Similarly, the field of Pinatubo zir-
cons is bisected by our models at constant Ce/Nd,c;¢ but
for higher oxidation state (FMQ +2.2; Evans and Scalliet,
1997). For the titanite-bearing volcanic rocks, our mod-
elling shows that the higher oxidation state of these mag-
mas compared to the Bishop Tuff (between AFMQ +2
and +4) is not sufficient on its own to explain the very high
Ce/Nd,,. ratios, which reach maximum values of between
100 and 200 (Fig. 12¢—f). However, these high values can
be attained if titanite co-crystallisation elevates Ce/Ndpeic
to higher values. To attain such a high Ce/Nd,.. due to
increases in oxygen fugacity rather than changes in melt
chemistry would require an increase in fO, of over 2 log
units between 750 and 650 °C, far beyond what is predicted
for these magmas. Although equivalently oxidised to the
Kneeling Nun and Fish Canyon Tuffs but without co-
crystallising titanite, zircons from the Pinatubo dacite have
significantly lower Ce/Nd,. over a similar temperature
range to the titanite-bearing volcanic systems (Fig. 12b).
In the case of the Resolution samples, a lack of matrix
glass and melt inclusions due to intense hydrothermal alter-
ation precludes knowledge of late-stage melt chemistry. A
value of Ce/Nd;; = 2, consistent with the chemistry of
Laramide rocks associated with porphyry systems (Lang
and Titley, 1998), can broadly reproduce the general trend
of the Resolution zircons, and varying this value between 1
and 3 encompasses most of the variability in Ce/Nd,.
(Fig. 11). The absence of titanite in these rocks is consistent
with the near absence of Ce/Nd,,. values exceeding ~50, a
more common feature of low-temperature zircons from
titanite-absent igneous rocks (e.g., Fig. 12a, b).

4.5. Zircon Ce anomalies in hydrous, oxidised magmas
parental to porphyry Cu deposits

The occurrence of elevated, positive Ce anomalies in zir-
cons from hydrous oxidised magmas, especially those asso-
ciated with porphyry Cu deposits, is commonly ascribed to
high oxidation states (Ballard et al., 2002; Chelle-Michou
et al., 2014; Shen et al., 2015; Loader et al., 2017; Rezeau
et al., 2019; Kobylinski et al., 2020; Viala and Hattori,
2021). However, recent oxybarometric estimates from
igneous rocks from a range of porphyry deposits show a
restricted range of fO, mostly between FMQ and
FMQ +2.5 (Loucks et al., 2020), which are within the range
of typical arc magmas (Jugo et al., 2010) and are signifi-
cantly less oxidised than some lamprophyric magmas
(e.g., Carmichael, 1991). These redox estimates do not vary
significantly with decreasing temperature relative to redox
buffers (Loucks et al., 2020), meaning that increases in
Ce/Nd,,. in such systems are unlikely to be due to increases
in magma oxidation state alone. This is supported by our
modelling, which shows that even in magmas where inde-
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Fig. 12. Ce/Nd,,. (chondrite normalised) versus temperature for zircons from several volcanic sequences; the titanite-absent Bishop TulfT,
California (A) and Pinatubo 1991 dacite, Philippines (B), and the titanite-bearing Kneeling Nun Tuff, New Mexico (C), Highland Range
volcanic sequence, Nevada (D) Fish Canyon Tuff, Colorado (E), and Peach Springs Tuff, Arizona (F). Model results are displayed in each
case. For the Bishop Tuff and Pinatubo dacite, melt Ce/Nd is fixed at 2. For the other volcanic sequences, an additional red line shows how
zircon Ce/Nd trends can be modelled better by including the onset of titanite crystallisation between 750 and 800 °C, after which the melt
Ce/Nd was increased linearly from 2 to 5. For the Bishop and Fish Canyon Tuffs, fO, was fixed to match the change in fO, with temperature
recorded by Fe-Ti oxides (Hildreth and Wilson, 2007; Whitney and Stormer, 1985; temperatures calculated using Ghiorso and Evans, 2008).
For the Pinatubo dacite, the experimental estimate of Evans and Scalliet (1997) of AFMQ +2.2 (ANNO +1.7) at 780 °C was used. Where no
oxide pairs were available, fO, was estimated using the amphibole oxybarometer of Ridolfi et al (2010; Kneeling Nun Tuff), or the zircon
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and Peach Springs (Pamukcu et al., 2013).
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pendent estimates of oxidation state indicate an increase in
oxidation state during crystallisation, this is insufficient to
explain the increase in Ce/Nd,, (Fig. 12). Here, we explore
how other parameters in hydrous oxidised magmas — water
and phenocryst assemblage — may influence Ce anomalies in
zircon.

Increased water activity, lower temperature, and higher
SO, in felsic melts stabilise titanite at the expense of ilmenite
(see Kohn, 2017) and amphibole over pyroxene (e.g.,
Blatter et al., 2017). Apatite is also a ubiquitous phase in
felsic melts irrespective of the water content or oxygen
fugacity (Harrison and Watson, 1983). In our model, we
emphasise the role of titanite over amphibole or apatite
because, despite its low abundance in many magmas, titan-
ite has the greatest potential to significantly increase the Ce/
Ndei; ratio. Individual partition coefficients for REEs in
titanite are extremely high (Dc. and Dyg = 223 and 639
respectively; Bachmann et al., 2005) and, although amphi-
bole may be an order of magnitude more abundant than
titanite in many felsic arc magmas (e.g., Bachmann et al.,
2002), its partition coefficients are approximately two
orders of magnitude lower, meaning titanite can have close
to an order of magnitude greater levering effect on melt
compositions than amphibole. Apatite is present in similar
abundances to titanite, but its partition coefficients are sig-
nificantly lower (D¢, and Dng = 48 and 77 respectively;
Sano et al., 2002), and the Dco/Dng value closer to unity
means apatite is less efficient at fractionating Nd from Ce.

To demonstrate the importance of titanite in controlling
Ce/Nde1, we modelled the evolution of the Fish Canyon
residual melts by Rayleigh fractional crystallisation of the
phenocrysts, both with and without titanite (Fig. 13; see
Appendix for model details). Although the titanite-absent
models show a modest increase in residual melt Ce/Nd
due to the presence of amphibole and apatite in the crys-
tallising assemblage, only with the onset of titanite crystalli-
sation can the high Ce/Nd values observed in the interstitial
glass be attained, despite the late onset of titanite crystalli-
sation. Under such conditions, the modest crystallisation of
titanite can have a disproportionately large effect on melt
composition which can be inherited by zircon and even
by subsequent titanite crystals which may be expected to
have higher Ce/Nd ratios (e.g., Olson et al., 2017).
Although the presence of titanite itself can be considered
evidence for the oxidised state of magmas, small changes
in fO, could lead to large changes in Ce/Nd,,. if titanite sat-
urates as a result. The Ce/Nd,,. ratio depends on the rela-
tive timing of titanite saturation and its abundance, and
the nature of other phases in the crystallising assemblage.
For example, igneous rocks with very high amphibole
abundance (e.g., appinites; Murphy, 2013) may also see ele-
vated Ce/Nd,;c which may be inherited by co-crystallising
zircons.

The suppression of the granite solidus with increasing
water content allows the crystallisation of zircon to much
lower temperatures (~680 °C at 200 MPa; Johannes and
Holtz, 1996) where ZC‘§4+ is much higher, which also
accounts for larger positive Ce anomalies in zircon. This
requires water-saturated conditions, which is also an
assumption of our model that we consider to be reasonable.
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Fig. 13. Rayleigh fractionation modelling of the residual melt Ce/
Nd ratio in the Fish Canyon Tuff (FCT) magmas. The models
consider the evolution of the residual melt from a bulk rock
starting composition (blue star) due to the crystallisation of the
phenocryst assemblage (inset). Two scenarios are considered -
crystallisation of the phenocryst assemblage without titanite (green
line), and with late-stage titanite saturation (red line). The titanite-
bearing model commences when the crystal content reaches 40%,
which is the approximate crystallinity of a dacite magma at 775 °C,
the titanite saturation temperature of the FCT (Szymanowski et al.,
2017). Similarly, the onset of zircon crystallisation is at ~815 °C,
the highest Ti-in-zircon temperature (Fig. 12¢); this is equivalent to
30% crystals (crystallinity-temperature estimates from experiments
on equivalent dacite magmas; Holtz et al., 2005). Only the titanite
bearing model is able to reproduce the interstitial glass Ce/Nd ratio
for the appropriate crystallinity (pink rectangle), highlighting the
importance of titanite in controlling the Ce/Nd ratio of residual
melts and co-crystallising zircons. See Appendix for a full model
description.

Experimental estimates show that ~75% crystallisation of a
mafic parent is required to generate the dacitic composi-
tions in which zircon typically saturates (Sisson and
Grove, 1993; Marxer and Ulmer, 2019). Given that mafic
arc magmas — including those parental to evolved porphyry
magmas — typically contain ~4 wt.% water (Plank et al.,
2013; Chiaradia, 2020), reaching water saturation at
200 MPa (6 wt.% H,0O) would require the fractional crys-
tallisation of only ~35% of the mafic parent magma,
assuming that water is mostly incompatible in the crystallis-
ing assemblage (10% amphibole in an otherwise anhydrous
assemblage yields a bulk Dy,0 = 0.05). This suggests that
arc magmas likely achieve water saturation in advance of
crystallising zircon, which is supported by the presence of
vapour bubbles in zircon-hosted melt inclusions re-
homogenised at upper crustal pressures (Thomas et al.,
2003). Given that the saturation of zircon is insensitive to
melt water content (Boehnke et al, 2013), the
water-induced suppression of the granite solidus also
implies a more protracted period of zircon crystallisation,
allowing it to record an extended period of melt evolution.

Oxybarometric estimates for porphyry magmas includ-
ing Resolution (Fig. 6; Loucks et al., 2020) suggest that
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for the period of magma evolution recorded by zircon, por-
phyry magmas are likely to exist within the sulphide-
sulphate transition, which occurs within 2 log units above
the FMQ buffer at 200 MPa (Jugo et al., 2010). This is sup-
ported by the presence of sulphide and/or sulphate phases
trapped in igneous minerals from porphyry-related magmas
(e.g., Stavast et al., 2006; Chambefort et al., 2013) and the
decrease in whole rock Cu concentration, indicating sul-
phide fractionation (e.g., Audétat and Pettke, 2006). Conse-
quently, sulphide saturation in porphyry magmas may not
have a deleterious effect on ore-forming potential (e.g.,
Du and Audétat, 2020) and it has been speculated that this
process may increase the size and/or likelihood of porphyry
ore deposit formation if concentrated Cu-rich sulphides can
be effectively scavenged by subsequent pulses of magma or
fluid (Wilkinson, 2013). The observation that ratios of met-
als in magmatic sulphide inclusions (e.g., Cu/Au) are like
those of the metal content of porphyry deposits themselves
(Halter et al., 2002), and the presence of partially resorbed
and oxidised magmatic sulphides in related igneous rocks
(Stavast et al., 2006; Nadeau et al., 2010), are permissive
of such a process.

Small, localised fluctuations in oxidation state triggered
by degassing of SO, (Dilles et al., 2015) or crystallisation of
Fe-rich phases (Jenner et al., 2010) are likely to occur, but
these processes may be below the resolution of current oxy-
barometers. In any case, the requirement that porphyry
magmas are especially oxidised during magma differentia-
tion is not supported by the observed chemical, petrologi-
cal, or oxybarometric evidence. Here, we further show
that increasingly large Ce anomalies in zircons from por-
phyry magmas — widely used to support these supposed
changes in oxidation state — can be explained more simply
by cooling and melt fractionation.

5. CONCLUSIONS

Variations in the magnitude of positive Ce anomalies
in zircons from igneous rocks are often interpreted to
reflect variations in magma oxidation state. In this paper,
we demonstrate that increases in Ce anomalies may occur
as a natural consequence of cooling magmas at constant
melt redox conditions. Although positive Ce anomalies in
zircon are larger in more oxidised melts, our models
show that reproducing high zircon Ce/Nd values
observed in zircons from oxidised magmas requires a
combination of both an increase in melt Ce/Nd and
low temperatures, which we show can be a consequence
of titanite crystallisation under water-saturated condi-
tions. Given the complexity of Ce partitioning into zir-
con, we caution against interpretating zircon Ce
anomalies solely in the context of melt oxygen fugacity,
especially in circumstances where melt chemistry and/or
temperature are poorly constrained.
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