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Zircon/bulk rock REE partition coefficients from natural samples correlate with REE concentration in zircon. The
correlation is the strongest for the LREE and diminishes with decreasing ionic radius. The relationship between
partition coefficient and REE concentration in zircon can be modeled as a power law and the coefficient (α)
and exponent (β) terms for each of the REE are empirically determined using new and previously published
data. A series of independent tests show that using variable partition coefficients based on the reported α and
β terms commonly results inmore accurate estimates of bulk rock REE concentrations than average partition co-
efficients, particularly for the LREE that have previously been difficult to constrain. These results provide away to
account for highly variable REE concentrations in zircon,whichmay be controlled bynumerous processes such as
surface enrichment, complex substitution mechanisms, or accidental sampling of sub-microscopic inclusions.
The proposed method for estimating bulk rock REE concentrations is especially well-suited to detrital zircon in-
vestigations where there is no information available on the parent rock composition.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Zircon
Partition coefficients
Rare earth elements
Trace elements
LA-ICP-MS
1. Introduction

Zircon is themost commonly analyzed accessorymineral and is rou-
tinely employed in U–Th–Pb geochronology, U–Th/He and fission track
thermochronology (Reiners, 2005), radiogenic (Hf) and stable (O) iso-
topic studies (Kinny andMaas, 2003; Valley et al., 1994), crystallization
thermometry (Watson and Harrison, 2005), and trace element geo-
chemistry (Belousova et al., 2002). Zircon is also resistant toweathering
and alteration, which makes it an ideal mineral for detrital studies. A
critical presumption in detrital mineral studies is that data obtained
from zircon is a proxy for the parent igneous rock rather than the sedi-
mentary host rock. This is demonstrably true for most types of analyses,
however, relating trace element and rare earth element (REE) concen-
trations in zircon to bulk rock or melt concentrations has proven diffi-
cult (Hoskin and Ireland, 2000; Coogan and Hinton, 2006). The
incentive to establish more accurate estimates of parental bulk rock
concentrations using in-situ zircon measurements is significant as it
would link zircon to a large body of whole rock geochemical literature
with numerous possible applications including studies of provenance,
crustal thickness, mineral exploration, crustal evolution, metamor-
phism, and petrogenesis (e.g. Belousova et al., 2002; Grimes et al.,
2015; Profeta et al., 2015; Nardi et al., 2013; Wilde et al., 2001;
Rubatto, 2002).
hapman).
The primary obstacle in using zircon chemistry to determine trace
element concentrations in theparent rock is that trace element partition
coefficients (Delement

zircon/bulk rock) vary by up to several orders of magnitude,
especially among the light rare earth elements (LREE) such as La
(Hanchar and vanWestrenen, 2007). There are many variables that af-
fect partition coefficients including temperature, pressure, and oxida-
tion state (Watson, 1985; Hoskin and Schaltegger, 2003; Rubatto and
Hermann, 2007; Burnham and Berry, 2012; Trail et al., 2012; Taylor et
al., 2015). Despite these variables, most researchers still use a single
set of constant partition coefficients for relating zircon composition to
bulk rock composition, which introduces significant uncertainty and in-
accuracy into their conclusions. For example, Wilde et al. (2001) and
Peck et al. (2001) converted trace element concentrations in Hadean
zircons from the Jack Hills Quartzite into hypothetical bulk rock concen-
trations using the partition coefficients of Hinton and Upton (1991).
They argued that the parental bulk rock was enriched in LREE and sug-
gested that this might represent the earliest evidence of continental
crust formation. However, these studies could have used other sets of
partition coefficients (e.g. Bea et al., 1994) that would have indicated
weak to no LREE enrichment in the parent rock. Several additional stud-
ies have highlighted the unreliability of zircon/bulk rock (or zircon/
melt) partition coefficients and of REE concentrations in zircon them-
selves, emphasizing the need for a more comprehensive understanding
of trace element partitioning in zircon (Whitehouse and Kamber, 2002;
Cavosie et al., 2005; Hoskin, 2005; Coogan and Hinton, 2006; Trail et al.,
2007; Harrison, 2009).While zircon/bulk rock partition coefficients, de-
termined from natural studies, and zircon/melt partition coefficients,
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Fig. 2. A) Histograms of Yb and La concentrations (red bars) of ~40,000 plutonic and
volcanic rocks from global convergent margins. Data is from the Geochemistry of Rocks
of the Oceans and Continents (GEOROC; http://georoc.mpch-mainz.gwdg.de) database.
Crustal abundances, plotted in blue, are from Rudnick and Fountain (1995). REE
concentrations in crustal rocks commonly vary by b2 orders of magnitude. B)
Histograms of Yb and La concentrations in individual zircons measured in this study
after the removal of spurious data that may have been affected by the accidental
sampling of inclusions (321 measurements), see text for details on the filtering method.
Note that even after the careful selection of data, there is still large variability in zircon
analyses. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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determined from experimental studies, are similar for LREE, there are
potential differences for HREE (Fig. 1). This study exclusively examines
zircon/bulk rock partition coefficients.

REE partition coefficients between zircon and bulk rock can vary by
several orders of magnitude, but the range of REE concentrations in
crustal rocks is often relatively narrow, commonly less than two orders
of magnitude (Fig. 2A). In contrast, there is relatively large variability in
REE concentrations in zircon, even for carefully selected samples (Fig.
2B). This suggests that REE concentrations in zircon are disproportion-
ately responsible for the range of partition coefficients. The relationship
can be explored using a power law relating partition coefficient and REE
concentration in zircon,

Dzr=br
REE ¼ Xzr

REE

Xbr
REE

¼ α Xzr
REE

� �β ð1Þ

where XREEzr and XREE
br are the concentration of an individual REE in zircon

and bulk rock respectively and α and β are theoretical variables. First,
consider the classic scenario of constant partition coefficients that are
independent of REE concentration in zircon (i.e. Henry's Law). In this
scenario, REE concentration in zircon is linearly related to bulk rock
REE concentration, which requires that β=0 so that the partition coef-
ficient =α. Next, consider an opposite scenario where the REE concen-
tration in zircon is completely independent of the bulk rock
concentration. In this scenario,β=1and the bulk rock concentration=
α−1. We envision a continuum between these two end-member sce-
narios such that 0 ≤ β ≤ 1 for REE in zircon. When 0 b β b 1 the concen-
tration in zircon increases exponentially with increasing concentration
in the parent rock. Larger β values are indicative of zircon REE enrich-
ment (or depletion) processes besides equilibrium partitioning.

To estimateα andβ, trace element concentrations in zirconwere an-
alyzed from a series of samples from the Coast Mountains Batholith of
coastal British Columbia by laser ablation-inductively coupled plasma-
mass spectroscopy (LA-ICP-MS). Zircon/bulk rock partition coefficients
were calculated using previously published whole rock trace element
data from the same samples (Girardi et al., 2012) (Table 1). The results
were combinedwith partition coefficients from several previous studies
that analyzed natural zircons with a large range of REE concentrations
(Nagasawa, 1970; Fujimaki, 1986; Sano et al., 2002; Thomas et al.,
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Fig. 1. Previously published zircon/bulk rock (natural data; Nardi et al., 2013; Reid et al.,
2011; Claiborne et al., 2010; Marshall et al., 2009; Sano et al., 2002; Thomas et al., 2002;
Bea et al., 1994; Hinton and Upton, 1991; Fujimaki, 1986; Nagasawa, 1970) and zircon/
melt (experimental data; Taylor et al., 2015; Burnham and Berry, 2012; Luo and Ayers,
2009; Rubatto and Hermann, 2007; Watson, 1980) partition coefficients. An identical
plot with each data source separated by symbol and color is presented in Appendix 6 in
the Supplementary Material. The zircon/bulk rock partition coefficient shown for this
study is averaged from each of the median partition coefficients presented in Table 1
and the uncertainty is related to the scatter in those values (1σ).
2002; Claiborne et al., 2010; Nardi et al., 2013) and fit with Eq. (1) to
empirically determine α and β for each REE, Y, and Nb (Table 2, Fig.
3). Although not examined here, a similar method could potentially be
applied to other trace elements in zircon (e.g. Sc, Ta). Eq. (1) can be ap-
plied as an alternate method for estimating bulk rock REE concentra-
tions from in-situ measurements of zircon using the estimated values
of α and β.

To illustrate the utility of this method, several examples from inde-
pendent data sets are presented where bulk rock REE data and REE con-
centrations in zircon were acquired from the same sample. The bulk
rock REE concentrations predicted by Eq. (1) can frequently approxi-
mate the measured bulk rock REE values and in some cases are more
Table 1
Median zircon/bulk rock partition coefficients and median absolute deviation (MAD) cal-
culated from the Coast Mountains Batholith samples analyzed in this study. The complete
zircon data set is located in Appendix 3 in the Supplementary Material.

Element Median Dzr/br MAD

La 0.002 0.001
Ce 0.26 0.10
Pr 0.02 0.01
Nd 0.06 0.02
Sm 1.3 0.4
Eu 0.7 0.2
Gd 3.8 1.1
Tb 9.9 2.3
Dy 20 4
Y 47 10
Ho 44 11
Er 77 24
Tm 154 46
Yb 219 73
Lu 331 105
Nb 0.15 0.05

http://georoc.mpch-mainz.gwdg.de


Table 2
Empirically determined α and β terms calculated by regressing Eq. (1) through plots of
zircon/bulk rock partition coefficients vs. elemental concentration in zircon. The uncer-
tainties reported forα and β include propagated errors associatedwith REE concentration
for zirconmeasurements aswell as errors associatedwith the regression. Ionic radii are re-
ported in Å for 8-fold coordination (Shannon, 1976).

Element α ±1σ β 1σ Ionic radius Charge

La 0.035 0.004 0.945 0.029 1.16 3+
0.003

Ce 0.085 0.024 0.630 0.065 1.143 3+
0.019

Pr 0.147 0.018 0.889 0.045 1.126 3+
0.016

Nd 0.059 0.006 0.926 0.038 1.109 3+
0.006

Sm 0.431 0.091 0.824 0.076 1.079 3+
0.075

Eu 1.24 0.12 1.012 0.083 1.066 3+
0.11

Gd 0.484 0.179 0.858 0.092 1.053 3+
0.131

Tb 4.20 1.50 0.671 0.129 1.04 3+
1.10

Dy 3.93 3.14 0.542 0.122 1.027 3+
1.75

Y 2.41 9.16 0.487 0.221 1.019 3+
1.91

Ho 8.00 9.82 0.544 0.212 1.015 3+
4.41

Er 6.56 7.97 0.545 0.150 1.004 3+
3.60

Tm 25.18 26.96 0.534 0.192 0.994 3+
13.02

Yb 20.18 33.15 0.433 0.161 0.985 3+
12.54

Lu 53.05 68.26 0.434 0.187 0.977 3+
29.85

Nb 0.136 0.017 0.911 0.037 0.74 5+
0.015
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accurate than using any constant set of partition coefficients. This is par-
ticularly true for the LREE, whose partition coefficients have historically
been the most difficult to constrain or model (Hanchar and van
Westrenen, 2007; Rubatto and Hermann, 2007).

2. Samples and methods

Zircon crystals were analyzed from 18 individual granitoid samples
from the Coast Mountains batholith, a Mesozoic continental magmatic
arc (Gehrels et al., 2009). Thewhole rockmajor and trace element com-
position of the sampleswas determined byX-rayfluorescence and solu-
tion ICP-MS respectively and is reported in Girardi et al. (2012). SiO2

concentrations in the analyzed samples ranged from 51 to 76 wt.%
(Table 3). Approximately 20 zircons were analyzed from each sample
with a total of 359 analyses. Sample zircon crystals along with natural
and synthetic reference materials were mounted in a 22 mm inner-di-
ameter epoxied ring-form and sanded to expose the interior of the
grains, identical to the procedures for the initial U–Pb investigation
(Gehrels et al., 2008). Previous U–Pb analysis of this suite of zircon crys-
tals showed limited inherited components or Pb loss (Gehrels et al.,
2009). Given these observations and previous examination by optical
and electron microscopy as well as cathodoluminescence (CL) imaging
to identify inclusions, cracks, zoning, and metamict textures (Gehrels
et al., 2009), ablation locations were selected using a combination of
reflected light and CL imaging.

2.1. Instrumentation and analytical routine

Trace element data and U–Pb isotope ratios were collected at the Ar-
izona LaserChron Center (laserchron.org) at the University of Arizona
using a Teledyne Photon Machines G2™ solid state NeF excimer laser-
ablation (LA) system coupled to a Thermo Fisher Scientific ELEMENT 2
™ single collector inductively coupled plasma mass spectrometer
(ICP-MS). The output energy of the laser was fixed at 7 mJ and attenu-
ated ~4% before ablation. The laser fluence was 7 J/cm2. The 193 nm
laser was operated at 480 bursts at 8 Hz for 60 s of ablation during the
initial suite of analyses. Following method refinement, data were col-
lected with a thyratron ArF excimer laser with 400 bursts at 7 Hz. All
analyses were preceded by n = 3 pre-ablation “cleaning” laser bursts
with a spot diameter of 50 μm. Analysis spot diameter was 40 μm with
an estimated pit depth of ~20 μm based on a drill rate of 0.053 μm/
pulse (Ibañez-Mejia et al., 2015). Sampleswere ablated in a rapidwash-
out HeLex™ cell and the aerosolized analyte was extracted in a He car-
rier gas through Teflon-lined tubing to a 25 mL mixing bulb where it
wasmixed with Ar before introduction to the plasma torch. Cool, auxil-
iary, and sample gas flow were 16, 0.8, and 1.25 L/min, respectively.

A total of 30 masses were measured ranging from 29Si to 238U.
Masses analyzed included the REE (-Pm) and masses for U–Pb age de-
terminations (Gehrels et al., 2008). Specifically measured masses in-
cluded 31P, 49Ti, 177Hf, and 232Th to help identify REE-rich titanite and
phosphate (e.g. apatite, monazite) inclusions within zircon. Because P
is usually present at lower concentrations than predicted by the
xenotime substitution (REE3+ + P5+ = Zr4+ + Si4+) (Reid et al.,
2011), zircon analyses with P molar equivalents N0.1 REE + Y molar
equivalents were discarded (27 analyses). Zircon analyses with
Th N 1000 ppm (1 analysis) and Ti N 50 ppm (5 analyses) were also
discarded. Element intensities during ablation were monitored for in-
tensity spikes that may result from sampling inclusions. The
P N REE + Y molar equivalents filter was able to isolate analyses with
large P intensity spikes. A complete table of the measured masses is lo-
cated in the supplementarymaterial as Appendix 1. Intensities for 142Nd
were not corrected for the minor isobaric interference of 142Ce. Future
analyses will measure 146Nd. The analytical routine uses both the mag-
netic and electric sector to separate and focus the ions and contained 7
magnet jumps.Magnet settling timewas set at 0.25 s for the initial jump
to the lowest measured mass (28.976 Da) and 21 ms for subsequent
jumps to incrementally larger masses (Appendix 1). Within each mag-
net setting, post-electrostatic analyzer deflector voltageswere automat-
ically adjusted to change the mass arriving at the detector with 1 ms
settling time between voltage changes.

Each individual analysis consists of an ~11 s gas baseline measure-
ment with the laser off, ~60 s of ablation, and ~8 s of washout time for
intensities to return to baseline levels after the laser stops firing. Each
analysis contains a total of 73 scans, with 9 scans on backgrounds, 2
scans for signal ramp-up, 52 scans on peak intensities, and 10 scans on
signal wash-out. Dwell time per isotope was initially adjusted based
on count rates observed for the 91500 zircon referencematerial and fur-
ther refined to optimize precision of elemental measurements. Dwell
times ranged from 2 to 100 ms with 1 integration per peak per scan
for the REE and 4 integrations per peak per scan for U, Th, Pb, andHg iso-
topes (Appendix 1).

2.2. Data processing and standards

Elemental and isotopic abundances along with their uncertainties
were calculated and fractionation corrected by analyzing referencema-
terials interspersed between sample zircon crystals. U–Pb isotope ratio
and trace element data was reduced separately. A complete table of
U–Pb data and trace element data is located in the supplementary ma-
terial as Appendices 2 and 3 respectively.

U–Pb isotopic datawas reduced following Gehrels and Pecha (2014)
and Ibañez-Mejia et al. (2015) with the in-house reduction program
“AgeCalc.” FC-1, SL, andR33 zircon referencematerialswere used to cor-
rect for isotope fraction and calculate systematic errors during U–Pb
data reduction. FC is the primary standard (1098.8 ± 0.25 Ma;
Hoaglund, 2010; Mattinson, 2010), SL (563.5 ± 3.2 Ma; Gehrels et al.,
2008) and R33 (419.4 ± 1.3 Ma; Gehrels and Pecha, 2014) are the

http://laserchron.org
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(1970), Claiborne et al. (2010), and Thomas et al. (2002). Identical plots of La and Ybwith each data source separated by symbol and color is presented inAppendix 7 in the Supplementary
Material. D)β is large for the LREE and decreaseswith decreasing ionic radius. The uncertainty associatedwith β increases for the HREE, which is related to the poor fit of the regression of
Eq. (1) to the data as exemplified by Yb in part B of the figure.
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secondary standards (all uncertainties are 2σ). The new U–Pb isotopic
measurements and previously published data for these samples
(Gehrels et al., 2009) overlap within error (generally b2%) for most
samples (Appendix 2). One of the benefits of measuring U–Pb data
and trace element data simultaneously is that the geochronology can
help identify older inherited cores or complex zonation that may have
different trace element concentrations. For example, in the study by
Gehrels et al. (2009), sample 04GJP-09 contained older inherited
Table 3
Data on each of the Coast Mountain Batholith samples including; bulk rock SiO2 contents (weig
those Ti concentrations, zircon crystallization temperature estimated using the Ti-in-zircon th
uncertainties for the crystallization temperature including errors associatedwith Ti measureme

Sample SiO2 wt.% Median Ti (ppm)

04GJP_43 51 18.8
04GJP_60 57.3 18.2
04GJP_62 58.8 5.4
04-GJP-01 57.5 11.8
04-GJP-09 66.4 7.2
04-GJP-16 72.7 3.5
04-GJP-22 63.1 3.8
04-GJP-23 75.9 6.1
04-GJP-24 63.5 12.4
04-GJP-29 54.5 4.2
04-GJP-32 71.4 5.8
04-GJP-37 59.7 15.0
04-GJP-39 70.9 13.0
04-GJP-40 65 4.8
MT05_102 59.2 11.7
MT05_106 63.2 5.0
MT05_98 68.9 9.2
MT05_99 62.2 18.9
cores, which were ~100 Ma older than domains along the rims of the
crystals. As a test, this same sample was measured “blind” and 3 analy-
ses were identified with older ages that were consistent with the
inherited core ages. Despite the different U–Pb ages, the REE patterns
were relatively similar, however, without the U–Pb age information it
would not necessarily be obvious to treat this data separately. As al-
ways, it is important to carefully select analysis locations whenever
possible.
ht %), median Ti concentrations in zircon (ppm), the median absolute deviation (MAD) of
ermometer of Ferry and Watson (2007) with αTiO2 = 0.9 and αSiO2 = 1, and propagated
nts in zircon and uncertainties for the thermometer calculation (Ferry andWatson, 2007).

Ti MAD (ppm) Temp (°C) 1σ (°C)

0.9 785 40
2.6 782 50
0.4 671 36
1.2 740 42
2.2 696 57
0.9 638 47
0.8 644 45
2.3 681 62
1.6 745 46
0.8 653 43
1.7 678 55
2.5 763 50
2.2 749 50
0.7 662 41
1.8 739 48
1.2 665 49
1.4 717 46
1.5 785 44
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Trace element data was reduced using the software program Iolite
(Woodhead et al., 2007; Paton et al., 2010). Internal errors include uncer-
tainties associated with background intensities, downhole fractionation,
and scatter of measured intensities between repeat analyses of a sample.
External errors include fractionation corrections for standards and uncer-
tainty of standard concentrations. 91500 was used as the primary stan-
dard along with an internal Si standard to calculate all elemental
concentrations except Ti, which is not reported for 91500 (Wiedenbeck
et al., 2004). Ti data was reduced using NIST612 as the primary standard.
64 totalmeasurements of Tiweremade on 91500with a concentration of
5.4 ± 0.5 ppm (1σ), which could potentially be used as a standard value.
Appendix 4 in the supplementary material shows trace element concen-
trations of NIST612 calculated using 91500 as the primary standard.

3. Results

For each sample the median value of REE concentration in zircon
was calculated from individual analyses of zircon from that sample
and the median absolute deviation was calculated as a measure of un-
certainty (Fig. 4A; Appendix 3). There is considerable variation in REE
concentrations between zircons from the same sample (Fig. 4B) and
the median absolute deviation of element concentration for each sam-
ple diverges by up to ~50% from themedian. There is less median abso-
lute deviation for the HREE and there is a weak to moderate positive
correlation between median absolute deviation in concentration and
wt.% SiO2 in the bulk rock suggesting greater intra-sample variability
in more felsic rocks (Appendix 5 in the supplementary material).
There are several possible explanations for the wide range of REE con-
centrations in zircon and intra-sample variability including: mineral or
melt inclusions (Hanchar and vanWestrenen, 2007), fluid-modified zir-
con (Hoskin, 2005), complex substitution mechanisms (Finch et al.,
2001), and disequilibrium partitioning related to zonation (Hofmann
et al., 2009), sector domains (Reid et al., 2011; Chamberlain et al.,
2013), boundary-layer effects (Watson and Liang, 1995; Watson,
1996; Hoskin, 2000), and a wide range of zircon crystallization temper-
atures (Hoskin and Schaltegger, 2003). These possibilities will be exam-
ined further in the discussion section below.

Calculated partition coefficients include propagated uncertainties
for each sample using the median REE concentration in zircon and the
bulk rock REE values from Girardi et al. (2012) (Table 1). The median
partition coefficient from all of the samples in the Coast Mountains
Batholith dataset are plotted in Fig. 1 against previously reported parti-
tion coefficients from natural and experimental studies.

3.1. Partition coefficients and element concentration

In Fig. 3A, several REE partition coefficients are plotted againstmedi-
an REE concentration in zircon from the Coast Mountains Batholith. For
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most elements, the positive correlation between partition coefficient
and REE concentration in zircon can bemodeled by the power law rela-
tionship in Eq. (1). To help constrain this relationship, the results are
augmented with data from studies similar to this one that measured
REE concentrations in natural bulk rock samples and in zircon extracted
from the same bulk rock sample. The studies were chosen for the range
of REE concentration in zircon and include concentrations determined
by sensitive high resolution ion microprobe (SHRIMP) (Sano et al.,
2002; Claiborne et al., 2010), laser-ablation ICP-MS (Nardi et al.,
2013), and solution mass spectrometry (Nagasawa, 1970; Fujimaki,
1986). For the LREE, measurements by Thomas et al. (2002) were also
included. Thomas et al. (2002) used secondary ion mass spectrometry
(SIMS) to measure REE concentrations in zircon and in melt inclusions
within zircon. Although the measurements by Thomas et al. (2002)
are not strictly whole rock measurements, they were included for the
LREE because they fill a data gap for moderately enriched zircons and
the LREE partition coefficients from this study are considered reliable
(Hanchar and vanWestrenen, 2007).

For each REE, a least squares fit of Eq. (1)was used to estimateα and
β (Table 2, Fig. 3B, C). As predicted, β formost REE is b1 and N0. Only Eu,
whose concentration is affected by valence, early plagioclase crystalliza-
tion, and oxidation state (Hoskin and Schaltegger, 2003; Trail et al.,
2012) has β N 1. Overall, β is larger and α is smaller for the LREE com-
pared the HREE (Fig. 3B–D). The uncertainty for β is the smallest for
the LREE and increases for the HREE, consistent with a decrease in the
influence of equilibrium partitioning (Fig. 3D). This relationship is per-
haps not surprising considering that most crustal rocks are relatively
enriched in LREE whereas zircon is LREE depleted (Bea et al., 1994).
Even strong partitioning of LREE into zircon is unlikely to exert a signif-
icant influence on the bulk rock concentration, leading toβ values closer
to 1. Conversely, crustal rocks are relatively depleted in HREE and zir-
cons are relatively enriched in HREE. Partitioning of HREE in zircon
may have a more direct relationship to bulk rock concentration, with
β values closer to 0.

In addition to the trivalent REE+ Y, an estimate ofα and β for Nb5+

is presented in Table 2. We expect a similar empirical relationship for
other elements in 8-fold coordination (e.g. Ta5+), but for many ele-
ments there is currently not enough data available at different concen-
tration levels to make robust correlations (e.g. Sc).

3.2. Effect of temperature on partition coefficients

Previous experimental studies demonstrated that REEpartition coef-
ficients are dependent on crystallization temperature (Rubatto and
Hermann, 2007; Burnham and Berry, 2012). These studies showed
that for the HREE, increases in temperature result in a decrease in parti-
tion coefficient. The relationship between temperature and partition co-
efficients for the middle REE and LREE is less clear (Rubatto and
Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

MT05_106B)

median value

individual
zircon
analyses

he Coast Mountains Batholith data. For two of the samples, themedian absolute deviation
centrations. A full data table is presented in Appendix 3. B) plot of REE concentrations in
of La concentrations.
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Hermann, 2007). Crystallization temperature for the Coast Mountain
Batholith samples was calculated using the median Ti concentration in
zircon for each sample using the method of Ferry and Watson (2007)
(Table 3; Fig. 5). Major element analyses, abundant sphene, and com-
mon Ti oxides in the samples from the Coast Mountains Batholith
(Girardi et al., 2012) suggest that rutile is at or close to saturation. The
activation energy of TiO2 (αTiO2) was held constant at 0.9 and αSiO2

was held constant at 1. The results indicate that crystallization temper-
atures ranged from 638 to 785 °C for the Coast Mountains Batholith
samples, with average errors of ~50 °C (Table 3; Fig. 5). Across the
range of temperatures calculated, there is no clear correlation between
temperature and partition coefficient (Fig. 5A). The results support pre-
viously proposed correlations for the HREE that include experimental
and natural data representing a larger range of temperatures
(Burnham and Berry, 2012) (Fig. 5B).While crystallization temperature
may potentially help constrain partition coefficient estimates, its utility
is currently limited to the HREE, which already have relatively well-
constrained average partition coefficients (low β), and for zircon popu-
lations with a large range in crystallization temperatures.

4. Testing the empirical relationship

To test if Eq. (1) can be used to estimate zircon/bulk rock partition
coefficients and ultimately to estimate bulk rock REE concentrations, a
series of examples are presented in the following sections from studies
that report bulk rock REE concentrations as well as REE concentrations
in zircon derived from the same bulk rock sample. Based only on the
REE concentrations in zircon, zircon/bulk rock REE partition coefficients
are calculated using Eq. (1) and the values ofα andβ fromTable 2. Next,
bulk rock REE concentrations are estimated and compared against the
measured bulk rock REE concentrations.

4.1. Intra-sample zircon variation

One of the problems in relating trace element concentrations in zir-
cons to bulk rock concentrations is that there is significant scatter in the
REE concentration in zircons from a single sample (Fig. 4B)
(Chamberlain et al., 2013). Regardless of which partition coefficient is
most appropriate, this suggests that for a given (constant) partition co-
efficient, many zircons from each parent rock need to be analyzed to av-
erage out intra-sample variation. For detrital studies, however, there is
no way to know a priori which zircons should be grouped together so
researchers have relied on techniques like grouping similar age popula-
tions together (e.g. Barth et al., 2013). In theory, using a variable
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temperature dependence is more well-defined for the HREE (e.g. Yb). The zircon crystallizatio
partition coefficient, as proposed by Eq. (1), may be able to reduce the
need to average out intra-sample variation. The zircon/bulk rock parti-
tion coefficient estimate from with Eq. (1) changes along with changes
in individual REE concentration in zircon.

To illustrate this possibility, bulk rock REE concentration estimates
based on individual zircon analyses from a single sample using the me-
dian (constant) partition coefficients derived from the entire Coast
Mountains Batholith dataset (Table 1) are plotted in Fig. 6A. Because
thesemedianpartition coefficients come fromonly theCoastMountains
Batholith and include partition coefficients for the sample (04-GJP-39)
shown in Fig. 6, they likely represent the most accurate possible set of
(constant) partition coefficients available to use. However, even when
using these “calibrated” partition coefficients, the range in estimated
bulk rock REE concentrations are still prone to high errors for individual
zircon analyses, particularly for the LREE (Fig. 6A). In contrast, using Eq.
(1) with the values ofα and β from Table 2 results in a more precise es-
timate of bulk rock REE concentrations (Fig. 6B) compared to constant
partition coefficients (Fig. 6A).

4.2. Independent tests

In this section the accuracy of zircon/bulk rock partition coefficients
estimated from Eq. (1) is tested with independent data sets (Fig. 7). In
each data set examined, the median value of multiple individual analy-
ses of REE in zircon is used along with median absolute deviation as a
measure of uncertainty. This uncertainty is propagated into the calcula-
tion of bulk rock REE composition along with uncertainties related to α
and β (Table 2). Uncertainty increases significantly for HREE estimates
in accordance with the large uncertainties associated with α and β for
the HREE (Fig. 3D). In addition to the estimate of bulk rock REE concen-
trations calculated from Eq. (1), estimates of bulk rock REE concentra-
tions using the partition coefficients of Hinton and Upton (1991);
Sano et al. (2002), and Nardi et al. (2013) are presented for each exam-
ple. These partition coefficients are representative of the range of natu-
rally determined partition coefficients (Fig. 1). The examples in Fig. 7
become increasingly complicated with samples that have more com-
plex tectonic histories and varied geologic environments.

To start, Yang et al. (2011) present trace element data from a Perm-
ian andesitic tuff (sample TB065-1, SiO2 = 57 wt.%) from central Tibet
that was deposited in a continental arc setting (Fig. 7A). REE concentra-
tions in zirconweremeasured by LA-ICP-MS andmedian absolute devi-
ation is generally b50% of the median values. The partition coefficients
of Sano et al. (2002) and those derived from Eq. (1) yield the closest ap-
proximations to the measured bulk rock concentrations (solution ICP-
Partition Coefficient

10310210110010-110-210-3 104
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all data

this study

avg. temp. uncertainty
for this study ~± 50 °C

amples (Table 1) plotted against zircon crystallization temperature calculated using the Ti-
mperature and partition coefficient over the range of temperatures observed in the Coast
ntal data on zircon partition coefficients over a larger range of temperatures (Thomas et
gests that there may be a broader temperature dependence on partition coefficient. The
n temperature uncertainties for all samples analyzed in this study are ~±50 °C (Table 3).
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MS) (Fig. 7A). In the next example, Long et al. (2012) reported REE con-
centrations in zircon (LA-ICP-MS) from a Paleoproterozoic granite
(sample T514; SiO2 = ~76 wt.%) from the northern Tarim craton (Fig.
7B). The median absolute deviation is generally b60% of the median
REE concentrations in zircon. In this case, the partition coefficients of
Nardi et al. (2013) and those derived from Eq. (1) closely approximate
the measured bulk rock concentrations (solution ICP-MS) (Fig. 7B).
These paired examples (Fig. 7A and 7B) show that while a single set of
constant partition coefficients may result in an accurate estimate of
REE concentration in the bulk rock in a particular study, it cannot do
so consistently across multiple studies. In contrast, using variable parti-
tion coefficients calculated from Eq. (1) can approximate bulk rock REE
concentrations for both examples.

Fig. 7 illustrates that most partition coefficients, including partition
coefficients estimated from Eq. (1), produce similar predictions of
HREE concentrations in the parent rock. However, estimates of bulk
rock LREE concentrations are muchmore variable and include large de-
viations from the measured values. Overestimation of the LREE in the
parent rock is a common shortcoming of trace element studies of Hade-
an zircons (Whitehouse and Kamber, 2002; Coogan and Hinton, 2006;
Cavosie et al., 2006).Whitehouse and Kamber (2002) present trace ele-
ment zircon (ion microprobe) and bulk rock (solution ICP-MS) data
from a relatively low-strain Archean gneiss in Greenland (sample SM/
GR/98-2) (Fig. 7C). The median absolute deviation is generally b50% of
the median REE concentrations in zircon. Whitehouse and Kamber
(2002) show that the partition coefficients of Hinton and Upton
(1991), which were previously used to estimate bulk rock concentra-
tions fromHadean zircons (Wilde et al., 2001, Peck et al., 2001), overes-
timate LREE in the Greenland gneiss. The partition coefficients derived
from Eq. (1) can approximate the LREE concentrations in the bulk rock
sample (Fig. 7C).

Fig. 7D presents an example from the Pleistocene Bishop Tuff in Cal-
ifornia. REE concentrations in zircon were measured by ion microprobe
by Reid et al. (2011) and reported for both zircon rims and cores (sam-
ples 24-6, LV57, LV58, RPI). The median absolute deviation is generally
b20% of the median REE concentrations in zircon rims and b30% in zir-
con cores. These samples are part of the early eruption phase of the
Bishop Tuff recognized by Wilson and Hildreth (1997). REE concentra-
tions of the bulk rock were estimated by Anderson et al. (2000) by ana-
lyzingmelt inclusions in the same ignimbrite and ash fall layers that the
zircon samples were extracted from. The median absolute deviation for
REE concentrations in the melt inclusions is b15% of the median. Bulk
rock estimates using the constant partition coefficients of Hinton and
Upton (1991); Sano et al. (2002), and Nardi et al. (2013) are based on
theREE concentrations in zircon rims. Bulk rock estimates using thepar-
tition coefficients from Eq. (1) produce similar results using either rim
or core data (Fig. 7D). There is a pronounced Eu anomaly that is not
well characterized by the partition coefficients calculated from Eq. (1),
which further suggests that this method may be unreliable for Eu and
Ce, which occur in multiple valence states and have more complex
partitioning behavior (Trail et al., 2012).

The next two examples come frommore complex geologic environ-
ments. Fig. 7E is a leucosome (sample NW10-36D; SiO2 = 71wt.%) in a
migmatitic gneiss from an ultra-high pressure (UHP) terrane in Norway
(Gordon et al., 2013). REE concentrations in zircon were determined by
LA-ICP-MS and have largemedian absolute deviation of up to 90% of the
median value. All of the partition coefficients (constant or variable
method from Eq. (1) result in poor estimates of the REE concentrations
in the parent leucosome (measured by solution ICP-MS) as well as the
shape of the REE curve, showing a relative enrichment in HREE (Fig.
7E). These results indicate that metamorphic zircon and/or zircon
from crustal melting in UHP terranes may pose problems for reproduc-
ing bulk rock concentrations.

Fig. 7F is a gabbro (sample JR31-22-1; SiO2=51wt.%) recovered from
the Southwest Indian Ridge, an ultra-slow oceanic spreading center
(Coogan et al., 2001). Bulk rock REE concentrations were determined by
solution ICP-MS and REE concentrations in zircon were determined by
SIMS (Grimes et al., 2007). Themedian absolute deviation of REE concen-
trations in zircon is generally b40% of the median. These zircons are a
classic example of “oceanic zircon” that are known to have distinct trace
element signatures (Grimes et al., 2015). In this example, the partition co-
efficients of Hinton and Upton (1991), originally calculated from a
basanitic diatreme,most closely approximate the bulk rock REE composi-
tion whereas the partition coefficients calculated from Eq. (1) overesti-
mate the bulk rock LREE concentrations. The results indicate that Eq.
(1) may not be applicable to zircon derived from oceanic lithosphere.

In all of these examples, the partition coefficients derived from Eq.
(1) do not result in perfect estimates of REE concentrations in the parent
rock. Nonetheless, in the examples from igneous zircon associated with
non-metamorphosed continental crust, they can provide approxima-
tions for REE concentration in the parent bulk rock that are more accu-
rate than estimates from constant partition coefficients. This is
particularly important for analyses where the provenance of the ana-
lyzed zircon is unknown or in question (e.g. detrital studies).

5. Discussion

These results suggest that no single set of fixed zircon/bulk rock par-
tition coefficients can consistently provide accurate estimates on bulk
rock REE concentrations from either a single sample or between sam-
ples from different geologic environments. The results also suggest
that for most REE, concentration in zircon increases exponentially
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with increases in the bulk rock concentration (0 b β b 1). A counterargu-
ment to this idea is that there are “true” constant zircon partition coef-
ficients, but they are obscured bynatural REE variabilitywithin zircon or
systemic measurement errors. Below, this possibility is addressed at
length, but ultimately we argue that the empirical observation indicat-
ing a relationship betweenREE concentration in zircon and partition co-
efficient is significant and may be useful tool to estimate bulk rock
concentrations. A strength of the proposed method for estimating
zircon/bulk rock partition coefficients (and hence bulk rock concentra-
tions) is that it can account for REE variation in zircon regardless of
the exact mechanisms responsible for that variation.

5.1. Variable LREE enrichment in zircon

A common explanation for variation of REE in zircon is accidental
sampling of REE bearingmineral inclusions, includingmonazite, apatite,



67J.B. Chapman et al. / Chemical Geology 439 (2016) 59–70
and titanite, which are all relatively enriched in LREE compared to zir-
con (Bea et al., 1994; Cavosie et al., 2006; Hanchar and van
Westrenen, 2007). We are skeptical that inclusions are solely responsi-
ble for LREE variability. Careful selection of laser ablation spots by opti-
cal and electron microscopy and monitoring of P, Th, Ti, and Si
intensities during ablation should be able to identify and filter out inclu-
sions. If elevated concentrations of the mineral-forming elements (e.g.
P) cannot be detected, it is unlikely that the trace element concentra-
tions are large enough to significantly affect the zircon trace element
concentrations. Still, it is possible that sub-microscopic inclusions are
pervasive in natural zircon and could result in an overestimate of LREE
partition coefficients (Hanchar and van Westrenen, 2007) or overesti-
mate of bulk rock LREE concentration, depending onwhich zircon anal-
yses were in error. In this case, the increase in β for the LREE (Fig. 3)
could reflect studies that sampled variably LREE enriched zircon and
Eq. (1) could help correct for this inadvertent sampling.

Elevated LREE concentrations in zircon may also be related to fluid-
modified zircon or hydrothermal zircon that Hoskin (2005) proposed
could be identified on (Sm/La)N vs. La plots. The Coast Mountains Bath-
olith data generally plot outside of the hydrothermal zircon field, al-
though there are several data points that could be considered
hydrothermal (Fig. 8A). Ultimately, it is difficult to identify hydrother-
mal zircon by REE concentrations alone (Cavosie et al., 2006). Another
possiblemechanism for elevated LREE concentrations could be substitu-
tion into lattice defect sites related to U and Th decay (Whitehouse and
Kamber, 2002). FollowingWhitehouse andKamber (2002), (La/Gd)N vs.
Th + U is plotted, where actinide concentration is a proxy for radiation
induced lattice damage (Fig. 8B). LREE enrichment does not appear to
correlate with lattice damage for the Coast Mountains Batholith data
and in general it is unclear why the relatively large LREE would be pref-
erentially incorporated into these sites over the other REE. In either sce-
nario, the use of Eq. (1) could help to choose a partition coefficientmore
appropriate for LREE enriched zircon.

Another possible explanation for elevated LREE concentration in zir-
con is complex substitution mechanisms. Substitution of the trivalent
REE is thought to occur primarily by the xenotime substitution,
REE3+ + P5+ = Zr4+ + Si4+ (Hoskin and Schaltegger, 2003). Because
the ionic radii of the REE in 8-fold coordination (Table 2) are larger than
ionic radius of 8-fold coordination Zr (0.84 Å), substitution into the Zr
site introduces strain into the crystal lattice. This explains the greater in-
compatibility of the larger radius LREE compared to the HREE in zircon.
Experimental studies have shown that with increasing REE concentra-
tion in the melt and increased REE substitution into zircon, the Si–O
bond distance decreases and the Zr–O bond distance increases as the
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lattice is strained (Hanchar et al., 2001). This suggests that REE may be-
come more compatible in zircon with increasing REE concentration in
themelt. LREE, which are too large to substitute in high concentrations,
may disproportionately substitute into the lattice because the parental
melt is enriched in LREE. Because the Si–O bond-distance decreases,
eventually P cannot easily substitute for Si, whichmay limit REE substi-
tution. Concentrations of P in most natural zircons and some experi-
mental studies suggest that there is excess HREE in relation to P and
that other charge balancing substitutions besides the xenotime substi-
tution must be operating (Hanchar et al., 2001; Reid et al., 2011). Inter-
estingly, these studies have also reported that P may be in excess of the
LREE when considering the xenotime substitution (Finch et al., 2001;
Hanchar et al., 2001). This may indicate that substitution of LREE are
not P limited andmay be influenced by other substitution mechanisms,
perhaps related to REE concentration.

Variable REE concentrations in zircon may also be related to zona-
tion or chemical domains. Chamberlain et al. (2013) showed that dark
cathodoluminescent sectors containmolar equivalent REE+Y in excess
of P whereas light cathodoluminescent sectors have REE + Y close to
unity with P. These sector domains crystallized contemporaneously
from the samemelt suggesting that there was no difference inmagmat-
ic composition. Likewise, sub-micron scale zoning of REE concentration
correlates with cathodoluminescent oscillatory banding within a single
sector domain in zircon crystals (Hofmann et al., 2009). These observa-
tions have been linked to boundary layer effects and dynamics at the
zircon/melt interface (Watson and Liang, 1995; Watson, 1996; Hoskin,
2000). Partitioning of REE between crystal and melt is related to the
crystal growth rate and rate of diffusion,which can vary between differ-
ent growth surfaces (Watson, 1996). Although in-situ analyses of REE in
zircon can be carefully selected to avoid inner domains (e.g. inherited
cores), sampling below the scale of zonation is generally not possible
by LA-ICP-MS. In Fig. 7D, bulk rock REE concentrations were estimated
using REE concentrations in both zircon rims and cores as reported in
Reid et al. (2011). Because REE concentrations in zircon differed be-
tween the rim and core domains in this suite of samples, the partition
coefficient calculated using Eq. (1) also differed. As a result, the bulk
rock REE concentration prediction from both zircon rim and core analy-
sis is similar.

Finally, REE variability in zirconmay result from temporal changes in
the magma composition. Zircon is ordinarily not the only REE-bearing
phase in a bulk rock sample and it competes with these other phases
(e.g. apatite, titanite) for the REE (Hoskin et al., 2000). Zircon has a rel-
atively large range of crystallization temperatures and it is commonly
found as inclusions in a range of other minerals or interstitial phases
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suggesting a prolonged crystallization period (Watson and Harrison,
1983). As a result, REE concentrations in zircon may only represent
the local REE environment (Hoskin and Schaltegger, 2003). Early crys-
tallization of HREE-enriched (relative to the bulk rock) minerals like
hornblende or late crystallization of zircon may result in LREE enrich-
ment in zircon (Whitehouse and Kamber, 2002). It is possible that zir-
cons from the same bulk rock sample record different magmatic
compositions. Variable partition coefficient estimates from Eq. (1)
may help to mitigate the effects that variable REE concentrations in zir-
con have on bulk rock REE concentration estimates.

5.2. Comparison to lattice strain model

Partition coefficients for REE in zircon can be approximated by lattice
strain modeling based on the elastic properties of the Zr4+ substitution
site (Blundy and Wood, 1994, 2003). A complication to lattice strain
modeling is that experimental and naturally determined LREE partition
coefficients are commonly larger than predicted (Hanchar and van
Westrenen, 2007). Under the assumption that the larger-than-expected
LREE partition coefficients are in error as a result of inclusions or melt
composition uncertainty, LREE partition coefficients can be “corrected”
by fitting lattice strainmodels to the HREE andmiddle REE partition co-
efficients (Hanchar and van Westrenen, 2007; Draper and van
Westrenen, 2007; Taylor et al., 2015). There are several difficulties in
using lattice strain modeling to determine appropriate partition coeffi-
cients. First, for single zircon analyses there is no constraint on which
HREE partition coefficients to begin modeling with. Second, lattice
strain modeling can provide acceptable fits to different sets of partition
coefficients. For example, Hanchar and van Westrenen (2007) show
that the partition coefficients of Sano et al. (2002) and Thomas et al.
(2002) are bothwell-approximatedby lattice strainmodeling, however,
the REE zircon/bulk rock partition coefficients from these studies vary
bymore than an order of magnitude, even though the errors associated
with the studies are of the same magnitude or less than the reported
partition coefficients. It is not clear which set of partition coefficients
may bemore appropriate to use. Third, for many sets of partition coeffi-
cients, lattice strain modeling suggests very small LREE partition coeffi-
cients. In some examples presented in Fig. 7, the partition coefficients of
Hinton and Upton (1991) already overestimate LREE concentrations.
Fitting the LREE partition coefficients of Hinton and Upton (1991) to a
lattice strain model will result in even larger bulk rock concentration
overestimates.

5.3. Improvements to method

Irrespective of the processes that lead to variable REE concentrations
in zircon, the empirically determined values for α and β in Eq. (1) can
help constrain which partition coefficient may be most appropriate
and lead to more consistently accurate estimates of bulk rock concen-
trations. However, there are some inherent weaknesses to this method.
First, althoughα andβwere estimated frompartition coefficients calcu-
lated from bulk rock analyseswith a range SiO2 contents (51 to 77wt.%)
and crystallization temperatures (650 to 900 °C), these analyses skewed
toward intermediate to felsic compositions and moderate crystalliza-
tion temperatures. The example presented in Fig. 7F shows that this
method may not be applicable for zircon from very mafic parent rocks,
including oceanic lithosphere (e.g. Grimes et al., 2007). When β = 1,
α is constant, and the bulk rock concentration is independent of REE
concentration in zircon. For the LREE, with large β (Table 2), the deter-
mination ofα is accordingly critical.α−1 was empirically determined to
be 28.6 for La, which is similar to the average abundance of La in the
continental crust (18–30 ppm) (Rudnick and Fountain, 1995;
Wedepohl, 1995) (Fig. 2). This suggests that this value of α is broadly
appropriate for rocks associated with the continental crust, but high-
lights the limitations of this method for studying zircon from oceanic
crust that has low average LREE abundances (e.g. La b 10 ppm;
Arevalo andMcDonough, 2010).With prior knowledge about a geologic
province, we speculate that refinements to α and β could be made that
could improve bulk rock concentration estimates.

Another weakness of this method is that the correlation between
REE concentration in zircon and partition coefficient is weak to poor
for the HREE, resulting in large uncertainties (Table 2). Fortunately, β
is small for the HREE and there is little change in the estimated partition
coefficientswith changes inREE concentration in zircon, but it is still un-
certain if the bulk rock REE concentration predictions from Eq. (1) are
any better than average partition coefficients from other studies,
which already show relatively little variation for the HREE. If there is
an underlying, systematic physical process responsible for variation in
REE in zircon concentrations (e.g. substitutionmechanisms) as opposed
to a semi-random process (e.g. inclusions), then the observed decrease
in β with decreasing ionic radii (Fig. 3D) may be reflective of this pro-
cesses and application of Eq. (1) is appropriate for all REE, even when
β is small.

6. Conclusions

New zircon trace element data and zircon/bulk rock partition coeffi-
cients are presented for granitoid samples from the Coast Mountains
Batholith and combined with data from other studies that also present
natural zircon/bulk rock partition coefficients. These data indicate that
REE partition coefficients are positively correlated with REE concentra-
tion in zircon over several orders of magnitude. This relationship can
bemodeled using a power law relationship (Eq. (1)) and the empirically
determined coefficient α and exponent β for the REE (Table 2). Using
the proposed values for α and β, Eq. (1) yields estimates of bulk rock
REE concentrations and REE patterns that in some cases are more accu-
rate than bulk rock REE concentrations estimated from constant parti-
tion coefficients alone, particularly for the LREE (Fig. 7). A series of
independent tests of this method for estimating bulk rock REE concen-
trations show that it may be broadly applicable to igneous zircon asso-
ciated with the continental crust (e.g. continental arc magmatism).

Variable REE enrichment in zircon is likely the primary cause of the
large range of naturally determined zircon/bulk rock partition coeffi-
cients. Although the method proposed here for estimating bulk rock
REE concentrations from REE concentrations in zircon cannot distin-
guish between the many possible mechanisms for REE enrichment in
zircon, it nonetheless appears to encompass the variation in constant
zircon/bulk partition coefficients observed across multiple studies and
may be a useful new tool to estimate bulk rock REE concentrations.
This method may be most applicable for detrital zircon investigations
when there is no constraint on which set of partition coefficients to
apply.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2016.06.014.
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