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U–Pb geochronology of baddeleyite (ZrO2) is an increasingly used tool in the Earth and planetary sciences for
determining the crystallization and emplacement ages of mafic igneous rocks. Additionally, baddeleyite has a
strong affinity for hafnium and preferentially excludes the REE's, making it an important repository of Hf isotopic
compositions, which can be used to provide constraints on the origin of these rocks. In this contribution we
introduce a technique for U–Pb dating and Lu–Hf isotopic analysis of baddeleyite by LA-MC-ICP-MS. A systematic
study of crystalswith knownages demonstrates that ourmethodology is capable of producing 207Pb/206Pb results
that are precise and accurate to within 1% of their TIMS values at a 2-sigma confidence level, while Phanerozoic
crystals can generally be dated to within 1.5 to 3.0% accuracy using their 206Pb/238U compositions. These results
are routinely reproducible with a variety of laser-spot sizes ranging from30 to 10 μm in diameter andwith crater
depths as shallow as ~3 μm in depth. This represents a significant improvement in the sampled volume generally
used for LA-ICP-MS geochronology and is a critical step for dating small baddeleyite crystals either as mineral
separates or identified in situ within thin sections. No orientation-dependent biases on the measured 206Pb/
238U values were identified from our data, suggesting that LA-ICP-MS dating of Phanerozoic crystals can be rou-
tinely performed without the biases previously reported for SIMS instruments. Our data show that initial 176Hf/
177Hf ratios can be determinedwith an accuracy as good as 0.5 εHf units by taking themean of 10 to 30 individual
spot analyses acquired with a 40 μm beam-diameter. These U–Pb and Hf results are comparable to what can be
routinely achieved for zircon by LA-MC-ICP-MS. In addition to the methodological approach, we report a high-
precision U–Pb TIMS age and four solution-MC-ICP-MS Hf isotopic results for new and/or important baddeleyite
localities. These new data are used here to assess the adequacy of our fractionation, interference and mass-bias
corrections and can be used as a basis for addressing the accuracy of LA-ICP-MS U–Pb and Lu–Hf data for future
inter-laboratory calibration efforts.
z-Mejia).
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Baddeleyite is a monoclinic zirconium oxidemineral that commonly
occurs as an accessory phase in silica-undersaturated igneous rocks
of terrestrial and extraterrestrial origin (Heaman and Lecheminant,
1993; Heaman, 2009; Niihara, 2011; Moser et al., 2013). In recent
years it has received increased attention from both geochronologists
and petrologists because it can provide essential age and isotopic
information aboutmafic rocks, a lithologic groupwhere themorewide-
ly used mineral in geochronology, zircon (ZrSiO4), is often not present
(Scoates and Chamberlain, 1995; Chamberlain et al., 2010). Experimen-
tal determinations of trace-element partitioning between baddeleyite
and carbonatitic melts performed by Klemme and Meyer (2003) have
shown that U is over an order of magnitude more compatible in its
crystal structure than Pb, and as a result baddeleyite commonly displays
Pb isotopic compositions that are dominantly radiogenic. The impor-
tance of baddeleyite as a robust U–Pb geochronometer is supported by
decades of work on this mineral prompted by the seminal contribution
of Krogh et al. (1987), and is reflected in the publication of a recent
special volume on Lithos (vol. 174, 2013) highlighting baddeleyite. In
addition to its application of obtaining crystallization ages, the strong
compatibility of Hf coupled with low REE contents makes it an ideal
mineral for obtaining precise Hf isotopic ratios and fingerprinting initial
176Hf/177Hf compositions (Patchett et al., 1981). These geochemical
aspects make baddeleyite an important tool for the study of mafic
rocks on Earth through time.

For over three decades, and despite the explosion of routine U–Pb
geochronology brought about by low-blank thermal ionization mass
spectrometry (TIMS) and more recently by secondary ion mass
spectrometry (SIMS) and laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) methods, the use of baddeleyite as a
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geochronometer has remained relatively under-represented in the
geological literature. Several challenges have made baddeleyite
geochronology less straightforward than its felsic counterpart, zircon.
First, the generally small size of igneous baddeleyite crystals has
made its extraction from rock samples a challenging task. Recent im-
provements in mineral separation techniques, like those presented
by Söderlund and Johansson (2002), have helped to overcome this
difficulty. Secondly, a major practical limitation to baddeleyite dating
by small-volume in-situ techniques is the orientation-dependent Pb/U
fractionation reported by previous workers using secondary-ion mass
spectrometers (SHRIMP, Wingate and Compston, 2000; CAMECA-
IMS1270, Schmitt et al., 2010). This complexity has imposed practical
limits on the accuracy and precision to which young baddeleyites can
be dated using their 206Pb/238U composition, and for older samples it
presents issues for evaluating complexities in U–Pb systematics because
the real magnitude of discordance can be largely obscured by unac-
counted instrumental fractionations. Recent efforts made by Li et al.
(2010) and Schmitt et al. (2010) have shown that this effect in SIMS
can be minimized by the use of oxygen-flooding techniques and they
report a reduction in the scatter of measured 206Pb/238U values down
to ~2%. These orientation-dependent instrumental biases or “orienta-
tion effects” have also been reported for minerals such as rutile
(Taylor et al., 2012), magnetite (Kita et al., 2010; Kozdon et al., 2010),
and sphalerite (Kozdon et al., 2010). Examples of this phenomenon
however, are exclusive to studies using ion-probe instruments and, to
our knowledge, have not been observed for any phase or isotopic sys-
tem during LA-ICP-MS analyses. If the hypothesized physical mecha-
nism responsible for this crystal-orientation effect — the channeling of
primary ions along low-index directions in the crystal lattice (Valley
and Kita, 2009) — is the source of the measured 206Pb/238U scatter in
baddeleyites, then this effect would likely not be observed during
laser ablation analyses due to its fundamentally different and strongly
energetic sampling mechanism (Horn, 2008). However, as a proof of
concept and in order to account for the possible existence of any
orientation-effects in LA-ICP-MS analyses, we conducted a simple but
systematic experiment designed to test its potential effect.

A commonly observed feature in mafic rocks with complex time-
temperature histories is that, upon metamorphism, baddeleyite can
easily be recrystallized to poly-crystalline zircon aggregates under a
wide range of P–T conditions (Davidson and van Breemen, 1988;
Heaman and Lecheminant, 1993; Söderlund et al., 2008). At first glance
this could be perceived as an apparent disadvantage, but if the right
analytic approach is taken then age information can be retrieved for
both events responsible for crystal-growth and recrystallization.
Different techniques have been successfully employed to isolate these
two components, by dating the baddeleyite cores to determine protolith
crystallization ages and by dating the zircon rims to determine the
timing of metamorphism These approaches have, thus far, mostly
employed ID-TIMS techniques with separation of the phases achieved
either by mechanical abrasion (e.g., Davidson and van Breemen, 1988)
or selective chemical dissolution (e.g. Rioux et al., 2010). In a more
recent study, Beckman et al. (2014) used a combination of TIMS and
SIMS analyses of remnant baddeleyite cores enclosed in zircon over-
growths in order to obtain protolith ages frommetamorphosed gabbros
of the Norwegian Caledonides.

Despite the lack of experimental diffusion data for U or Pb in
baddeleyite, the retention of concordant or only slightly discordant
U–Pb ages from baddeleyite cores that have undergone granulite-
grade metamorphism indicates a high closure temperature for the
U–Pb baddeleyite geochronometer (Davidson and van Breemen, 1988;
Söderlund et al., 2008; Beckman et al., 2014). Nevertheless, it is well
known that the diffusive behavior of any element in a particularmineral
phase can be strongly influenced by the structural integrity of the crys-
tal lattice, and therefore radiation-induced damage at the time of
reheating may play an important role in the degree of discordance
(i.e., age resetting) that a mineral system will attain (Cherniak et al.,
1991; Mezger and Krogstad, 1997; Cherniak and Watson, 2000;
Geisler et al. 2002). In contrast to zircon,where increased radiation dos-
age through time leads to amorphisation of the crystalline structure
(Murakami et al., 1991), it has been shown that monoclinic zirconia is
highly resilient to elevated degrees of radiation dosage and undergoes
phase transitions to higher-symmetry polymorphs before experiencing
metamictization (Sickafus et al., 1999; Simeone et al., 2002, 2006;
Valdez et al., 2008). This process, although not yet fully understood or
even observed for natural baddeleyites, may have profound implica-
tions for the U–Pb systematics of this mineral because localized phase
transformations can lead to the development of diffusion sub-domains
and create ‘fast-paths’ through which Pb could become mobile via
grain-boundary diffusion.

The development and improvement of techniques capable of
producing texturally-resolved analyses in baddeleyites will not only
have an impact on its routine application to dating mafic rocks but
will also improve our understanding of its U–Pb systematics in ways
that are inaccessible to single- or multiple-crystal-dissolution dating
methods. In this contribution, we present an analytical method that al-
lows for the rapid, accurate and spatially resolved dating of baddeleyite
using LA-MC-ICP-MS, as well as for investigating their Hf isotopic
compositions. We also introduce high-precision ID-TIMS and U–Pb
and solution-MC-ICP-MS Hf results for new reference crystals and
highlight some of the challenges involved in the accurate and precise
estimation of baddeleyite U–Pb crystallization ages. These results are a
contribution to the PlasmAge LA-ICP-MS network (www.plasmage.
org) and EARTHTIME initiative (www.earth-time.org), and could be
used for future inter-laboratory comparison and calibration efforts on
baddeleyite geochronology (e.g., Bowring et al., 2013 and Kosler et al.,
2013 for zircon).

2. Analytical approach, instrumentation and methods

For this studywe used baddeleyite crystalswith awide range of ages
that formed in a variety of tectonic settings and host-rock compositions.
From oldest to youngest, we present results from the Phalaborwa
carbonatite massif of South Africa (2059 Ma, Heaman, 2009; Rioux
et al., 2010;Wu et al., 2011), the Tomashgorod dolerite of the Ukrainian
Shield (1791 Ma, Bogdanova et al., 2013), the Mackmyra, Sorkka and
Ämmänpelto dolerites of Fennoscandia in SE Sweden and SW Finland
(1258 to 1256 Ma, Suominen, 1991; Soderlund et al., 2004; 2006), the
Duluth Complex FC-1 anorthositic gabbro of Minnesota (1099 Ma,
Paces and Miller, 1993), the Gällsjön dyke from the Blekinge–Dalarna
swarm in eastern Sweden (956Ma, Ulf Söderlund, personal communica-
tion), the Ogden gabbro from the South Carolina Appalachians (412Ma,
this study), the Kovdor carbonatite massif of the Kola Peninsula in
Russia (378 Ma, Amelin and Zaitsev, 2002; Rodionov et al., 2012;
Schmitt et al., 2010), and the Yinmawanshan gabbro of the Liaodong
Peninsula in China (32 Ma, Li et al., 2010; Yuan et al., 2004; Wu et al.,
2006). Most of these baddeleyites have previously been dated by ID-
TIMS so they provide a good benchmark for assessing the accuracy
and reproducibility of our analytical protocol, while also covering a
wide range of geologic time; the only exception is the Yinmawanshan
gabbro whose age was estimated by baddeleyite SIMS and zircon
LA-ICP-MS methods. Most of them, however, had not been previously
studied for their Hf isotopic compositions. In order to address the accu-
racy and reproducibility of our laser-ablation Lu–Hf results, four key
samples were also analyzed by solution-MC-ICP-MS to obtain precise
176Hf/177Hf reference ratios.

2.1. LA-MC-ICP-MS uranium–lead geochronology

U–Pb isotopic analyses conducted by LA-MC-ICP-MS were all
performed at the Arizona Laserchron Center (ALC) at the University of
Arizona (www.laserchron.org). The ALC houses a Photon Machines
Analyte-G2 ArF Excimer laser-ablation system using a small-volume,
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fast-washout HelEx sample cell. The laser was fired using a repetition
rate of 7 Hz, a constant fluency of ~7 J/cm2 with an energy attenuation
of 8%, and a total carrier gas flow of 0.250 SLPM of ultra-high purity
He; we found these parameters to produce a stable signal in the mass
spectrometer, good sensitivity and a final pit depth that never exceeded
a 1:1 width to depth ratio. The laser is coupled to a Nu Instruments
HR-MC-ICP-MS with a collector block equipped with 12 Faraday detec-
tors using 3 × 1011 Ω resistors and four discrete dynode ion-counters
(Table 1). For ‘large’ ablation spot sizes (30 μm) the 238, 232, 208, 207
and 206 masses were simultaneously monitored in Faraday collectors
while 204 and 202 were measured on ion multipliers. This configura-
tion is referred to as FAR within the text. For small ablation spot sizes
(≤15 μm), masses 208, 207, 206 and 204were all simultaneously mon-
itored on ion-counting detectors in order to allow for higher intensity
measurements of the Pb isotopes with low ablation volumes; this latter
configuration is referred to as IC within the text.

One of themain challenges involved in workingwith baddeleyites is
the small crystal size found in most rock types, and for this reason we
place special effort in obtaining reliable results using the smallest
ablation volumes possible. We conducted experiments with spot-sizes
ranging from 30 μm to 8 μm in diameter and ablation depths on the
range of ca. 8 μm to 3 μm.

2.1.1. Data acquisition and processing
The Nu Plasma ICP-MS offers two different modes of data

acquisition: Isotope Analysis (IA) and Time-Resolved Analysis (TRA).
Under IA mode, the acquisition routine has the capability of displaying
real-time integrated isotopic ratios on the computer screen as the
analysis progresses; however, the shortest integration time using this
approach is 1 s. In TRAmode, no ratios are calculated in real time during
acquisition and results can only be evaluated by processing the rawdata
after the analysis. The advantage of running in TRA mode is that
voltages on each channel can be integrated for much shorter times,
allowing for better time-resolved analysis; this becomes necessary for
the short-burst routines described below. In this study, we used IA
acquisitions for our LA Lu–Hf analysis and U–Pb large-spot (FAR) isoto-
pic analyses, whereas all small-spot (≤15 μm) IC acquisitions were
performed on TRA mode using an integration time of 0.2 s.

Data processing was carried out offline using our in-house Excel®
VBA macro bd-agecalc. Following acquisition, this macro is able to
extract data from the raw data files, perform all necessary corrections,
and generate a final output table with ages, uncertainties and error
correlations by following the procedures described in the following
sections (this macro is available from the authors upon request). For
analyses conducted using the FAR method, uncertainty propagation
and reporting methods followed those discussed by Gehrels et al.
(2008), Gehrels et al. (2009) and Cecil et al. (2011) for zircon analyses.
For analyses conducted on TRAmode, a slightly modified error propa-
gation and reporting scheme was adopted and will be discussed
in Section 2.1.4 when the fractionation-correction strategies are
introduced.

2.1.2. Time-dependent fractionation correction
A well-know phenomenon in LA-ICP-MS analysis is the time-

dependent elemental fractionation that occurs as a function of increas-
ing pit-depths during the excavation of a single ablation spot (Jackson
et al., 1992; Horn et al., 2000; Kosler and Sylvester, 2003). Three main
Table 1
Collector configurations used on the Nu-Plasma for the different modes of acquisition discusse

Type of analysis: Ex-H H1 H2 Ax L1 L2 L3

U–Pb Faraday mode 238 232
U–Pb ion-counter mode 238 232
Lu–Hf laser ablation 180 179 178 177 176
approaches have been proposed by previous authors to correct for this
phenomenon. The first is to ablate raster-patterns instead of spots on
a polished crystal surface, thus preventing the ablation pit from drilling
too deep in any particular location and significantly reducing the down-
pit fractionation effect (Kosler and Sylvester, 2003). This method,
however, is not a feasible option for very small crystal sizes. The second
approach is to account for this effect using an intercept method to
retrieve 206Pb/238U values by performing a linear regression through
the measured ratios (e.g., Sylvester and Ghaderi, 1997; Chang et al.,
2006; Gehrels et al., 2008; Thomson et al., 2012). Lastly, the third ap-
proach consists of modeling the fractionation behavior of the primary
standard using some mathematical fit to the primary standard data
(e.g., an exponential relation) and then applying this ‘best fit’ model
to correct for fractionation of the unknowns (Paton et al., 2010).
For the baddeleyite results presented here, we found that the Pb/U
depth-dependent fractionation can be well fitted with a linear function
for ablation times at least as long as 15 s (Fig. 1). Therefore, we adopted
the linear-regression intercept approach and performed a least-squares
fit through the acquired data in order to calculate the 206Pb/238U ratio
of each individual spot as the y intercept of the regression when x (ac-
quisition time) equals 0.6 s after the signal first arrives to the collectors
(Fig. 1). This delay in data integration is used in order to allow the laser
signal to stabilize, as well as to account for the slightly slower response
(i.e., longer time constant) of the Faraday collectors with respect to the
ion counters.

The small-volume procedures presented here differ fundamentally
from previous work performed by Johnston et al. (2009). Instead of
using the ‘total counts’ approach to calculate ratios and uncertainties
for small ablation-volume data using counting statistics, our current
instrumentation and methods allow us to perform robust downhole
fractionation corrections with spot-sizes down to 10 μm in diameter
and ca. 3 μm in depth. This not only provides the ability to date small
crystals and sort out small-scale textural complexities, but also retains
the ability of retrieving vertically resolved data that can provide insights
into elemental and isotopic zonations for each excavated pit. Based
on optical interferometry measurements performed using a Wyko
NT9800 at the University of Arizona, we determined the excavation
rate of the laser to be ca. 0.5 μm/s (~0.07 μm/shot), using a 7 Hz repeti-
tion rate and a fluency of ~7 J/cm2 (with an energy attenuation of 8%).
The total pit depth for the 40-bursts routine was of ~2.8 μm (Fig. 2),
~5.0 μm for the 70-burst routine, and ~7.7 μm for the 110-burst routine.
When using a 10 μm laser beam diameter, the quoted depths translate
into sampled baddeleyite volumes of 2.2 × 102, 3.8 × 102 and
6.0 × 102 μm3, for the 40-, 70- and 110-bursts routines, respectively.

2.1.3. Strategies for minimizing and correcting for external and internal
common-Pb contributions

Common-Pb corrections, including analytical blank, are a fundamen-
tal part of accurate U–Pb geochronology on any mineral system
(Mattinson, 1987; Gehrels et al., 2008; Frei and Gerdes, 2009; Thomson
et al., 2012), but are especially important for young and/or relatively
unradiogenic phases. Also, minimizing the external common-Pb (Pbc)
contribution is critical for enhancing the isotope-ratio accuracy of
short-burst and/or single-shot analyses (Cottle et al., 2009). In order
to accomplish this, all our epoxy plugs are thoroughly cleaned before
they are loaded inside the laser chamber; this procedure consists of
a 5-minute ultrasonic bath with samples immersed in a dilute acid
d throughout the text.
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Fig. 1. Examples of measured 238U and 206Pb ion-beam intensities and resulting 206Pb/238U and 207Pb/206Pb values from ablation of FC-1 baddeleyite. Also shown are their respective down
pit-fractionation-corrected 206Pb/238U values and average calculations of 207Pb/206Pb for 15, 10 and 6 s ablation times. a) 12 μm spot diameter and b) 10 μm spot diameter.
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solution (1%HCl–1%HNO3), followed by soaking in isopropyl alcohol in
order to remove all particles and oil coatings that may have resulted
from surface polishing and mount handling. When samples are loaded
in the laser chamber, the surface of all crystals to be analyzed is cleaned
using a ‘pre-ablation’ routine like that described in Cottle et al. (2012).
Our procedure consists of using a larger (~5×) beam diameter than
whatwill be used later for conducting the analysis, and the surface is ab-
lated using three single laser-pulseswhile carrier gas is flowing through
the chamber at a rate of ~1.0 L/m; this material is vented out of the line
and is not measured on the mass-spectrometer. The above procedure
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Fig. 2. Cross-sectional profile of an ablation pit in baddeleyite, acquired using a Wyko
NT9800 optical interferometer. This crater was produced using 40 laser-bursts firing at a
repetition rate of 7 Hz and using a constant fluency of ~7 J/cm2with an energy attenuation
of 8%. The total crater depth of ca. 2.8 μm indicates a laser excavation rate of ca. 0.5 μm/s or
0.07 μm/shot.
results in pre-ablation craters that are approximately ~0.12 μm in
depth (estimated from optical interferometry), and therefore do not
appreciably perturb the observed down-pit fractionation behavior of
the analysis. They do, however, significantly improve the accuracy of
the measured 207Pb/206Pb isotopic compositions obtained with the
short-burst routine. Fig. 3 shows an example of two, 15 s ablation passes
conducted on a large baddeleyite crystal from the Sorkka dolerite
without pre-ablation treatment (Fig. 3a), and after the surface has
been pre-ablated (Fig. 3b). It is evident that the pre-ablation routine is
effective for reducing surficial common-Pb contamination, which is
indicated by spikes in the initial 208, 207 and 204 signals (Fig. 3a).
All the small-spot IC data discussed below were acquired using this
pre-ablation procedure on both standards and unknowns.

When analyzing samples using the IC collector configuration,
monitoring the 202Hgmass was not possible (Table 1). It is worth men-
tioning, however, that during the majority of our FAR runs there were
no detectable increases in the 202Hg signals when the laser was fired
(i.e., considered below detection when mean 202 cps of laser-on signal
is less than three standard deviations above the backgroundmean value
before the laser is fired). Therefore, for our IC sessions, 204Pb ion-beam
intensities for each analyzed spot are estimated by performing a
204(Hg + Pb) baseline correction to the laser signal, and attributing all
of the 204 signal increase to 204Pb. In practice, given the strongly radio-
genic compositions observed in all of our analyses (99% of all measured
206Pb/204Pb compositions were higher than 1000, and 84% were higher
than 5000; see Supplementary material), the impact of not monitoring
202Hg for our Pbc corrections is small to almost negligible. When 204Pb
signals were found to be above background, common-Pb corrections
were applied using the model of Stacey and Kramers (1975) and
additional uncertainties of 1.0% for 206Pb/204Pb and 0.3% for 207Pb/204Pb
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t ≈ 6 s when acquiring without pre-ablation cleaning. Both acquisitions made by using
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were assigned. These uncertainties were propagated throughout the age
calculations as described by Gehrels et al. (2008).

2.1.4. Matrix-matched Pb/U fractionation corrections and
error propagations

One of the major challenges of accurate U–Pb geochronology by
LA-ICP-MS is accounting for the well-known mass and inter-element
instrumental fractionations that are induced during the measuring
process, and that are identified as an offset in the observed isotopic
ratios in samples of known ages. This offset between the ‘known’ and
the measured values represents the cumulative impact of several
factors, including differences in element volatility induced by laser
ablation, contrasting thermal ionization potentials, and elemental/
mass discrimination in the sampled region of the plasma plume. This
fractionation effect also exhibits a strongly matrix-dependent behavior,
so using a suitable reference standard or fractionation monitor is one of
the most critical steps towards accurate U–Pb dating of any particular
phase. Previous attempts to date baddeleyite by LA-ICP-MS have
utilized zircon crystals or aspirated solutions as reference for correcting
the measured 206Pb/238U values (e.g. Horn et al., 2000; Renna et al.,
2011; Xie LieWen et al., 2008). This approach has resulted in extremely
reversely discordant analyses that are mostly a consequence of
inadequate inter-element Pb/U fractionation corrections. To overcome
this issue, our approach uses a matrix-matched primary standardization
routine to correct for inter-element and mass-bias instrumental
fractionations. The anorthositic gabbros of the Duluth complex are well
suited for this, as they have been precisely dated by both zircon (Paces
and Miller, 1993) and baddeleyite (Crowley and Schmitz, 2009;
Hoaglund, 2010; Schmitt et al., 2010) U–Pb geochronology. Samples
from the FC-1 and FC-4b localities contain both minerals, and so the
U–Pb systematics of baddeleyite and zircon have been well cross-
calibrated. It was shown by Hoaglund (2010), however, that some
baddeleyite crystals from the FC-4b are concordant within uncertainty
but exhibit a slightly older 207Pb/206Pb age (by ~0.41%) with respect to
zircons from the same sample, which was interpreted as resulting from
initial disequilibrium compositions of the 235U decay chain. Samples
from the FC-1 locality have been shown by Crowley and Schmitz
(2009) to yieldmore concordant results.Weuse crystals from this last lo-
cality as primary reference materials in order to correct for fractionation
of our LA-MC-ICP-MS measurements. It is worth mentioning that ID-
TIMS analyses of the FC-4b locality presented by Schmitt et al. (2010)
show only an ~0.25% age difference between the mean 206Pb/238U and
207Pb/206Pb dates, which is smaller in magnitude than the offset ob-
served by Hoaglund (2010) but overlapping with it within analytical
uncertainty when the total errors of both studies are considered.

Fig. 4 shows the fractionation behavior of our primary fractionation
monitor over a typical, ~2-hour long session of baddeleyite standards
and unknowns using the 6 s burst, 10 μm laser diameter, IC configura-
tion. Instrumental drift corrections are conducted by calculating the
average value of the six neighboring standards at any given point
(sliding window), and applying this average fractionation value to
correct for fractionation of each unknown (Gehrels, et al., 2008). After
correcting the data for instrumental drift, we found that using
the least-squares intercept method discussed above to calculate the
206Pb/238U values and internal uncertainties for each individual spot
commonly results in a slight under-estimation of the errors of the
primary reference material (i.e., MSWD values for the weighted mean
of the FC-1 measurements are greater than unity). As discussed by
Horstwood (2008), Cottle et al. (2012), and recently agreed by the
PlasmAge community (www.plasmage.org), the minimum uncertain-
ty of any givenmeasurement should incorporate the background sub-
traction uncertainty, the calculated internal uncertainty for the
measurement itself, and the excess variability observed on the
primary reference material used for fractionation correction (i.e., FC-1
baddeleyite in our case). For each of the analytical sessions, we derived
a normalization uncertainty factor (or over-dispersion factor, OD) that
would be required in order tomake theMSWDof the referencematerial
mean equal to unity. This excess scatter was then propagated in
quadrature with the calculated uncertainty of each data point in order
to obtain the minimum uncertainty of each individual measurement.
In the case when the calculated MSWD values of the standards are
unity or below, no over-dispersion uncertainties were added. Fig. 4
illustrates this procedure; before accounting for the excess scatter,
replicate 206Pb/238U measurements performed on FC-1 baddeleyites
and their assigned uncertainties result in a MSWD value of 1.17. In
this case, an over-dispersion factor of 1.37% was necessary in order to
make the MSWD equal to unity, and this factor was also propagated
in quadrature to all unknown measurements. The calculated MSWD
value for the 207Pb/206Pb mean in this session was 0.86, so no excess
scatter factors had to be further added to the unknown data.

From this it follows that the reported uncertainties for the apparent
ages of our LA-MC-ICP-MS analyses are quoted at three levels of increas-
ing uncertainty, in the form ±[X][Y][Z] (columns ±2σ(a), ±2σ(b) and
±2σ(c) in the Supplementary material). The first level [X] refers to the

http://www.plasmage.org
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Fig. 4. Example of calculated instrumental fractionation factors for 206Pb/238U and 207Pb/206Pb ratios using FC-1 baddeleyite crystals as primary reference monitor. Data are from a single
session using randomly oriented crystals, where approximately 140 analyses were conducted in a ~2-hour period. Pink line corresponds to the calculated mean of the neighboring six
standard measurements. Light-gray shaded area represents the 2% uncertainty range of the measured mean and the dark-gray area is the 1% uncertainty range. Error bars of individual
spots are shown at 2σ. See text for details about excess-scatter uncertainty calculations and propagation.
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internal uncertainty of each individual analysis derived from the linear-
regression to the background-corrected 206Pb/238U data, [Y] accounts
for the propagation of the excess scatter (or normalization uncertainty)
derived for each session, and [Z] is the final total uncertainty that in-
cludes the systematic errors associated with the U decay constant,
common-Pb corrections and reference-material calibration. Weighted
mean ages for cogenetic suites of baddeleyites (igneous samples)
reported within the text are quoted with two levels of uncertainty in
the form±(A)[B], where (A) represents the weighted-mean uncertain-
ty calculated using the individual-spot uncertainties [Y] described
above (thus incorporating over-dispersion), and [B] represents the
total uncertainties after systematic errors have been propagated
(accounted for in the uncertainty level [Z]). Discordance is calculated
based on the percent discrepancy between the 206Pb/238U and
207Pb/206Pb mean ages, as Disc. (%) = 100 − (100 ∗ (206Pb / 238U
date) / (207Pb / 206Pb date)).

2.2. CA-TIMS uranium–lead geochronology

Five individual baddeleyite crystals from the Ogden gabbro (OG-1)
were analyzed by CA-TIMS in the Earth and Planetary Science Depart-
ment at the Massachusetts Institute of Technology, using the discrete
digestion procedures described by Rioux et al. (2010). The annealed
crystals were loaded in Teflon microcapsules along with 6.2 N HCl and
spiked with EARTHTIME 205Pb–233U–235U (ET535) tracer solution. A
single dissolution step for the baddeleyite portion of the grains was
achieved by holding the Parr digestion vessel at 210 °C for 60 h. The ad-
vantage of the HCl dissolution procedure, in contrast with the more
common HF:HNO3 mix, is that the former has no capacity to dissolve
zircon crystals that might be present as inclusions, secondary rims, or
as grains adhered to baddeleyite crystals that could go unnoticed during
optical inspection. Using this approach, we are confident that the ob-
tained isotopic ratios are representative of the baddeleyites and not a
mixture with zircon inclusions or rims that might be present in some
samples (Rioux et al., 2010). Following digestion, leachates were run
through anion-exchange chromatographic columns to separate U and
Pb following the methods of Krogh (1973). Samples were dissolved in
H3PO4 plus silica-gel and then loaded onto out-gassed zone refined Re
filaments. Isotopic analyses were performed on a VG sector 54 thermal
ionization mass spectrometer. Fractionation corrections, data reduction
and error propagations were done using the U–Pb Redux package
(Bowring et al., 2008;McLean et al., 2008). The low common Pb concen-
trations (≤1 pg Pbc) in each analysis are consistent with its origin as
laboratory blank and were subtracted using the MIT Isotope lab Pb
blank isotopic composition. Reported ages were corrected for the
small 206Pb deficiency that results from the 238U-chain disequilibria
generated by low initial Th concentrations.

2.3. Hafnium isotopes by solution-MC-ICP-MS

Baddeleyite crystals from the Duluth complex (FC-1), the Kovdor
massif, the Ämmänpelto dolerite (SA-003) and the Ogden gabbro
were analyzed by solution MC-ICP-MS in the Radiogenic Isotope and
Geochronology Laboratory at Washington State University. The goal of
this work was to obtain high-precision 176Hf/177Hf values for our
reference crystals and to provide a basis for assessing the accuracy of
the LA-MC-ICP-MS results. Individual grains or crystal fragments were
optically inspected and carefully handpicked under a binocular micro-
scope in order to avoid obvious inclusions or other adhered minerals
that could cause contamination. Samples were then loaded in Teflon
microcapsules along with 350 μL of 6 N HCl. Sixteen microcapsules
were fitted at a time in a large-capacity Parr digestion vessel and heated
up to 200 °C for at least 40 h to ensure complete dissolution of the
baddeleyite grains.

After complete dissolution was achieved, 20 μL aliquots were taken
from each sample for Lu/Hf determinations on a ThermoFinnigan
Element2 single collector (SC)-ICP-MS while the remaining 330 μL
were processed through ion-exchange liquid chromatography in order
to purify the Hf by removing Lu, Yb and the rest of the rare-earth
elements. The unspiked, purified Hf solutions were then measured
using a ThermoFinnigan Neptune MC-ICP-MS coupled to an Aridus
desolvating system. Hf isotope ratios were corrected for mass fraction-
ation using 179Hf/177Hf = 0.7219 and normalized for instrumental
offset using the accepted 176Hf/177Hf = 0.282160 for the JMC-475 Hf
standard solution (Vervoort and Blichert-Toft, 1999). The average
measured value for repeated runs of 25 ppb Hf JMC-475 during our
analytical session was 0.282136 ± 12 (2 SD, n = 16). These results
indicate an external reproducibility of ~0.4 εHf units in the 176Hf/177Hf
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measurements, whichwas later propagated in quadraturewith the in-
run errors in order to estimate the total uncertainty for each sample
measurement. During the solution analyses, 175Lu/177Hf and 173Yb/177Hf
values were also monitored in order to estimate the degree of residual
Lu + Yb interference on mass 176 after ion-exchange purification.
Aliquots with total interference corrections ≥0.025% on 176Hf were
not included in the calculation of the final weighted-mean values
(Table 2), due to significant deviations in 176Hf/177Hf compared to re-
sults from ‘cleaner’ aliquots. One exception to this will be discussed
below for the Hf results of our Kovdor crystal.

Using the bulk 20 μL aliquots taken before chromatographic purifica-
tion, 176Lu/177Hf compositions were estimated using an Element2 SC-
ICP-MS coupled to a spray-chamber sample introduction system at
Washington State University. A series of calibration solutions with
1 ppb Hf and different concentrations of Lu ranging from 1 to 0.01 ppb
were prepared and measured before and after the unknowns. Sensi-
tivities to 175Lu and 173Yb on the Element2 were on the order of
1 × 106 cps/ppb and signal stability on the calibration solutions
was better than 2% RSD for each individual run as well as for the
overall calibration factors obtained for the full session.
Table 2
Solution-MC-ICP-MS Hf isotopic results for reference baddeleyites.

Sample name Total Hf (V) 176Hf/177Hf (0)a ±2σ (in-run) ±2σ (total)

Duluth gabbro (FC-1) — 1098 Ma
bd-L-1 (FC-1) 10.9 0.282159 0.000005 0.000013
bd-O-1 (FC-1) 18.3 0.282173 0.000004 0.000013
bd-N-1 (FC-1) 14.5 0.282170 0.000004 0.000013
bd-6-2 (FC-1) 16.1 0.282157 0.000004 0.000013
bd-5-2 (FC-1) 27.2 0.282165 0.000004 0.000013
bd-17-1 (FC-1) 16.6 0.282175 0.000005 0.000013
bd-4-2 (FC-1) 11.4 0.282167 0.000005 0.000013
bd-19-1 (FC-1)f 11.6 0.282289 0.000006 0.000014
176Hf/177Hf(0) weighted mean= 0.282167 ± 0.000005 (2σ)

Kovdor phoscorite — 378 Ma
bd-3-2 (Kovdor) 27.3 0.282755 0.000003 0.000013
bd-1-2 (Kovdor) 24.0 0.282758 0.000004 0.000013
bd-22-1 (Kovdor) 11.9 0.282766 0.000005 0.000013
bd-20-1 (Kovdor) 17.9 0.282767 0.000004 0.000013
bd-21-1re (Kovdor) 17.8 0.282773 0.000004 0.000013
bd-23-1 (Kovdor) 22.2 0.282782 0.000004 0.000013
bd-24-1r (Kovdor)f 17.2 0.282677 0.000004 0.000013
176Hf/177Hf(0) weighted mean= 0.282767 ± 0.000005 (2σ)

Ämmänpelto dolerite — 1256 Ma
bd-8-2 (SA-003) 15.2 0.282161 0.000005 0.000013
bd-10-2 (SA-003) 27.1 0.282168 0.000003 0.000013
bd-9-2 (SA-003) 25.6 0.282164 0.000003 0.000013
bd-11-2 (SA-003) 25.5 0.282168 0.000003 0.000013
bd-H-1 (SA-003) 19.1 0.282170 0.000003 0.000013
bd-7-2 (SA-003) 22.5 0.282172 0.000003 0.000013
bd-G-1 (SA-003)f 11.0 0.282225 0.000005 0.000013
bd-K-1 (SA-003)f 10.5 0.282317 0.000006 0.000014
176Hf/177Hf(0) weighted mean= 0.282167 ± 0.000005 (2σ)

Ogden gabbro (OG-1) — 412 Ma
bd-16-2 (Ogden) 5.5 0.282692 0.000008 0.000015
bd-12-2 (Ogden) 5.9 0.282687 0.000008 0.000015
bd-13-2 (Ogden) 6.7 0.282694 0.000006 0.000014
bd-14-2 (Ogden) 3.6 0.282705 0.000010 0.000016
bd-15-2 (Ogden)f 1.5 0.282769 0.000019 0.000022
bd-D-1 (Ogden)f 2.2 0.282942 0.000015 0.000020
bd-E-1 (Ogden)f 4.3 0.282989 0.000009 0.000015
176Hf/177Hf(0) weighted mean= 0.282694 ± 0.000007 (2σ)

a Normalized with respect to JMC-475: no. of measurements = 16, mean = 0.282136 ± 1
b Total uncertainties estimated by cuadratically propagating the in-run uncertainties and th
c Calculated 176Yb interferences based on the measured 173Yb/176Hf ratios and using the 176Y
d Total interferences are estimated based on the calculated 176Yb and 176Lu (not shown) con
e Estimated 176Lu/177Hf ratios from Solution-SC-ICP-MS measurements used for radiogenic c
f Analyses not used towards final weighted mean calculations due to elevated Yb interferen
2.4. Hafnium isotopes by LA-MC-ICP-MS

Laser ablation Lu–Hf isotopic measurements were conducted at the
Arizona ALC lab using the same instrumentation as described above
for the LA U–Pb analyses. Results presented below were acquired in
two separate sessions conducted during October 2012 (Session 1) and
January 2013 (Session 2), using ablation spot diameters of 40 μm and
50 μm, respectively. Masses 171 through 180 were all simultaneously
monitored on Faraday collectors in order to perform the necessary
mass fractionation and isobaric interference corrections (cup configura-
tion shown in Table 1). Mass-bias factors to correct for Hf fractionation
(βHf) were calculated by measuring the 179Hf/177Hf value of each analy-
sis and using an exponential fractionation law (Russell et al., 2002) with
respect to a reference ratio of 0.7325 (Patchett and Tatsumoto, 1980) as
shown in Eq. (1).

βHf ¼
ln

0:7325
179Hf=177Hfmeas

� �
ln M179=M177ð Þ ð1Þ
Interf. after HPLC

b 176Yb/177Hfc Total int. corr. (%)d 176Lu/177Hfe 176Hf/177Hf (t) εHf (t)

0.000002 0.001% 0.000122 0.282157 2.4
0.000003 0.001% 0.000077 0.282171 2.9
0.000004 0.002% 0.000092 0.282169 2.8
0.000005 0.002% 0.000076 0.282155 2.3
0.000005 0.002% 0.000108 0.282163 2.6
0.000016 0.006% 0.000157 0.282172 2.9
0.000016 0.006% 0.000099 0.282165 2.7
0.000096 0.043% 0.000144 0.282286 7.0
MSWD = 1.09

0.000001 0.000% 0.000009 0.282754 7.3
0.000002 0.001% 0.000007 0.282758 7.5
0.000034 0.016% 0.000005 0.282766 7.8
0.000012 0.006% 0.000004 0.282767 7.8
0.000028 0.014% 0.000005 0.282773 8.0
0.000033 0.016% 0.000004 0.282782 8.3
0.000001 0.001% 0.000007 0.282677 4.6
MSWD = 2.44

0.000003 0.001% 0.000638 0.282146 5.6
0.000004 0.002% 0.000773 0.282149 5.7
0.000005 0.002% 0.000529 0.282152 5.8
0.000006 0.002% 0.000757 0.282150 5.8
0.000019 0.009% 0.000519 0.282158 6.0
0.000027 0.011% 0.000676 0.282156 6.0
0.000059 0.028% 0.000968 0.282202 7.6
0.000080 0.039% 0.000539 0.282304 11.2
MSWD = 0.37

0.000003 0.001% 0.000055 0.282692 5.9
0.000009 0.004% 0.000082 0.282686 5.7
0.000018 0.006% 0.000087 0.282693 5.9
0.000098 0.037% 0.000062 0.282705 6.3
0.000152 0.059% 0.000065 0.282769 8.6
0.000317 0.143% 0.000061 0.282942 14.7
0.000332 0.152% 0.000060 0.282988 16.4
MSWD = 0.96

2 (2σ), Hf bias factor = 1.000084.
e external reproducibility of our JMC-475 standard (2 SD = 0.000012).
b/173Yb values of Vervoort et al. (2004) as described in the text.
tributions.
ontribution corrections as described in text.
ce ratios.
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Unlike solution analyses, where the isobaric interferences of
176(Lu + Yb) on 176Hf can be minimized or removed by ion-exchange
chromatography, the nature of LA analyses implies that those interfer-
ences will be present and have to be appropriately accounted for to ob-
tain accurate 176Hf/177Hf values (Fisher et al., 2014a and references
therein). In the presence of a measurable Yb signal, its mass fraction-
ation factor, βYb, can be calculated using a similar approach to that of
Eq. (1) by monitoring two non-interfered masses of Yb (e.g. 171Yb and
173Yb) and comparing it with respect to a reference ratio (Woodhead
et al., 2004). For our LA Hf results we applied the Yb model of
Vervoort et al. (2004) and calculated βYb factors by normalizing the
measured 173Yb/171Ybwith respect to a reference value of 1.129197. Al-
ternatively, in samples where the Yb signal intensities are low—as is the
case in many natural baddeleyites—the uncertainties on the calculated
βYb factors can be large due to low count-rates in the Faraday detectors;
this would have a negative impact on the accuracy of the estimated
176Yb interferences. To circumvent this issue, an alternative approach
consists of approximating the mass-fractionation of Yb from that of
Hf. This can be achieved by establishing a robust βHf–βYb relation for
each particular session, and then apply a modified Hf fractionation
value (xβHf) to correct for Yb fractionation instead of the measured
βYb when the latter has poor accuracy. This βHf–βYb relation should
ideally be estimated from the LA-MC-ICP-MS data itself, as potential
mass-fractionation differences in the plasma might arise by the use of
different sample-introduction systems (Fisher et al., 2014a). In the past,
other authors have approached these corrections by measuring a series
of Yb-doped JMC-475 solutions to retrieve the mass-fractionation pa-
rameters that correct the measured ratios to their known 176Hf/177Hf
values (Thirlwall and Walder, 1995; Griffin et al., 2000). However, as il-
lustrated in Fig. 5, this would not be a satisfactory approach to correct
for our laser data as utilizing the bias factors derived from the solution
measurements would result in significant under-correction for 176Yb in-
terference. In order to perform accurate corrections to the LA results, our
reduction routine uses the high-Yb baddeleyite analyses to determine
an average, laser-derived and session-specific βHf–βYb correlation. This
relationship is then used to recast the βHf of each analysis into a term
xβHf, which can be used in exchange of the measured βYb values when
correcting the moderate- to low-REE baddeleyites for Yb interference.
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Fig. 5.βHf vs.βYb relationshipsmeasured for Yb-doped JMC-475 solutions analyzedusing a
Nu Instruments DSN-100 desolvation nebulizer system (light gray symbols), and by laser-
ablation analyses of Ämmänpelto (SA-003— green), Yinmawanshan (SK10-2— red) and
Sorkka (blue) baddeleyites using themethods described in the text. Note the clustering of
the βHf–βYb fractionation pairs for each LA session and the consistent departure from the
measured solutions values. By using an empirically derived βYb = xβHf relationship, the
solution βYb values are best approximated by an x factor between 0.87 and 0.90 whereas
the LA data is in the range 0.91–0.97.
The results obtained by both reduction procedures (i.e., using the
measured βYb and calculated xβHf) are presented in the data repository
for samples yielding total Yb signals lower than 0.1 V on average.

After the Yb interference correction has been applied, we noticed a
small residual negative trend in 176Hf/177Hf vs. 176Yb/177Hf for repeated
analyses of cogenetic REE-rich baddeleyites. This indicates a slight
overcorrection for 176Yb contributions to the 176 mass, a phenomenon
that has also been noted for solution-MC-ICP-MS analyses (Vervoort
et al., 2004) and LA-MC-ICP-MS analyses of zircon (Fisher et al., 2011).
To compensate for this issue, we derive an empirical secondary Yb cor-
rection factor by using our natural reference crystals. Baddeleyites from
the Ämmänpelto dolerite (SA-003) have fairly high Yb concentrations,
reaching up to 28% in the calculated 176Yb/176(Hf + Yb) interference
(see Supplementarymaterial). Assuming that all SA-003 crystals should
yield the same 176Hf/177Hf value irrespective of their Yb concentration,
which is likely to be the case given their low Lu contents, a bias factor
to the reference 176Yb/173Yb composition can be determined such
that this slope is minimized (in a way analogous to the secondary Yb
correction of Vervoort et al., 2004). This factor was found to average
0.9889 for Session 1 and 0.9909 for Session 2, indicating that a ~1.0 to
1.2% correction to the 176Yb/173Yb reference value was necessary in
order to appropriately correct our laser data for 176Yb interference.

Our finalmass-bias and interference-corrected 176Hf/177Hf ratios are
thus calculated using the following expressions:

176Hf
177Hfcorr

¼
176 Hf þ Ybþ Luð Þmeas−

176Ybcalc−176Lucalc
177Hfmeas

 !
� M176

M177

� �βHf

" #
� BFHf

ð2Þ

176Ybcalc¼173Ybmeas �
176Yb

173Ybref
� BFYb=

M176
M173

� � βYbð Þor xβHfð Þ
" #

ð3Þ

176Lucalc¼175Lumeas �
176Lu

175Luref
=

M176
M175

� �βYb

" #
ð4Þ

where M176/M177, M176/M173 and M176/M175 are the ratios of the
exact masses of these isotopes of Hf, Yb, and Lu, respectively. The BFYb
term is the secondary Yb correction factor derived from the high-REE
baddeleyite measurements, and BFHf is the instrumental-bias factor for
Hf. This last term can be derived from repeated measurements of the
JMC-475 solution (Kempet al., 2009; Cecil et al., 2011), or by normaliza-
tion with respect to a well-characterized, matrix-matched LA-MC-ICP-
MS reference material measured during the same analytical session.
Given the current lack of well-characterized, low-REE baddeleyite
reference crystals to calculate this bias directly from laser-ablation
data, in this contributionwe used the value obtained from themeasure-
ment of JMC-475 solutions. However, it is expected that this approach
may change in the future as suitable reference crystals are calibrated
and made available to the community (e.g., mud tank in the case of
zircon analyses as advocated by Fisher et al., 2014a).

Repeatedmeasurements of 25 ppbHf JMC-475 standard solutions
performed during Session 1 resulted in an average uncorrected
176Hf/177Hf value of 0.282149 ± 22 (2 SD, n = 6), and those from
Session 2 had an average value of 0.282154 ± 13 (2 SD, n = 10). This
indicates an average external precision of ca. 0.8 and 0.5 εHf units for
the two LA sessions, respectively.

2.5. EBSD crystal-orientation measurements

Large single crystals or crystal fragments of FC-1, Kovdor,
Phalaborwa, SA-003 and SK10-2 were randomly oriented in epoxy
plugs and the surface of the mount was polished to a high quality,
finishing with a chemical polish step in order to remove the strained
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layer left after thefirst phases ofmechanical abrasion. Baddeleyiteswere
imaged for cathodoluminescence (CL) using a Gatan Chroma-CL detec-
tor and electron back-scattered diffraction patterns were acquired with
an Oxford AZtec EBSD system, both of which are attached to a Hitachi
3400 N SEM at the University of Arizona (www.geoarizonasem.org).
The obtained Kikuchi diagrams were indexed using the Oxford
CHANNEL 5 software (Fig. 6) and orientations were calculated
based on the baddeleyite crystal structure (ZrO2 end member) de-
scribed by Hann et al. (1985). The difference in orientation resulting
from the use of the monoclinic ZrO2 end-member versus the HfO2

end-member as reference crystal structures to index our Kikuchi
bands resulted in Euler angle mismatches of b2°. Therefore, we are
confident that our calculated orientations are accurate independent of
the HfO2 content of the analyzed baddeleyites. Pole figures were
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Fig. 6. Example of the fitting procedure followed for indexing EBSD figures and calculating
crystallographic orientations: a) raw diffractogram recorded in the phosphorous screen of
the Aztec EBSD system from a Kovdor baddeleyite crystal, b) identification of the seven
more prominent Kikuchi bands performed by the Oxford CHANNEL5 data processing
software, and c) indexing of the Kikuchi bands by using the monoclinic ZrO2 structure of
Hann et al. (1985).
calculated and plotted using the MTEX Matlab® toolbox of Bachmann
et al. (2010).

3. Evaluating the crystal-orientation effects on Pb/U fractionation

It was noted initially by Wingate and Compston (2000) during
SHRIMP analyses of baddeleyite that, in contrast to zircon andmonazite,
the former exhibits an excess scatter in the measured 206Pb/238U ratios
that is reasonably well correlated with the crystallographic orientation
of the analyzed surface relative to the incident primary ion beam, and
to the local density of twinning planes. This effect has been reported
for several different phases analyzed by SIMS (Kita et al., 2010;
Kozdon et al., 2010; Taylor et al., 2012) but has never been reported
for LA-ICP-MS analyses. One potential complication for assessing
orientation-dependent variations in instrumental fractionation of Pb/U
values arises from the difficulty of separating this effect from real
disturbances in the isotopic system that cause primary or secondary
discordance in natural samples (e.g., initial U-series disequilibria, Pb or
U mobility, etc.). Since there is little laser-induced fractionation of the
207Pb/206Pb ratios during LA-ICP-MS analysis, variable Pb/U instrumen-
tal fractionation in concordia space would be represented as an array of
ellipses with variable 206Pb/238U and 207Pb/235U compositions aligned
along a common 207Pb/206Pb chord. This topology is very similar to
whatwould be expected from samples that have undergone any degree
of recent Pb-mobility (loss or gain) and could thereforemake the added
contribution of these two factors difficult to deconvolve.

Our approach to evaluate this potential orientation-dependent frac-
tionation effect consisted of the following steps: 1) randomly mounted
crystal fragments were measured for their crystallographic orientation
by EBSD during a single SEM session and were all indexed using the
same evaluation parameters; 2) crystals from which good EBSD data
were obtained (mean angular deviations b1°) were analyzed by LA-
ICP-MS in a random fashion, using the FAR method described above
and also within a single analytical session; 3) total age fractionation
values were calculated for each individual spot based on the ‘known’
age of each crystal; 4) a mean fractionation value was calculated from
all the obtained data and deviations (in %) from this mean were com-
puted for each one of the individual spots; and 5) these spot deviation
values were paired with their EBSD orientation measurements and all
results were plotted together as inverse pole-figures for a monoclinic
cell (Fig. 7). If an orientation-dependent effect were of significance in
the measured fractionations factors, then one would expect clusters of
similar percent age deviation to be grouped by regions in the pole
figures. However, what is observed in Fig. 7 is a random distribution of
both higher- and lower-than-mean values in all regions of the pole
figure irrespective of their orientation. These results suggest that
orientation-dependent fractionation does not play an important role
in the total instrumental fractionation observed in LA-ICP-MS data.
Although our observations do not absolutely rule out a potential small
contribution of this effect to the total observed fractionation, from our
current dataset we conclude that this effect, if present, is indistinguish-
able within uncertainty from all other sources of scatter that are associ-
ated with our measurements. This conclusion is also supported by
the general good concordance of our results as will be shown in the
next section and the calculated MSWD values close to unity for the
206Pb/238U weighted-mean ages obtained on Phanerozoic crystals.

4. Precision, accuracy and reproducibility of LA-MC-ICP-MS U–Pb
geochronological results

In an effort to estimate the overall precision, accuracy and reproduc-
ibility that can be attained with our analytical methods, we conducted
multiple analytical sessions over the last two years focused on measur-
ing the ages of baddeleyite crystals with known isotopic compositions.
Experiments were also performed using a variety of spot sizes and
crater depths, in order to evaluate the accuracy of the obtained data as

http://www.geoarizonasem.org
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we optimize the sampled volume by ablating progressively smaller cra-
ters. Fig. 8 shows a few representative concordia diagrams from our
dataset, one for each of the samples thatwas analyzed during the course
of this study. These data are taken from different analytical sessions and
show the level of precision and accuracy that can consistently be
achieved using our routine low-volume approach (i.e., ~9 × 102 μm3).
For Precambrian baddeleyites, in which normal discordance is a com-
monly observed feature (Soderlund et al., 2013), individual spots
that are 5% or more normally discordant were not used towards the
206Pb/238U weighted-mean age calculations due to the likelihood of
these having experienced some degree of Pb-loss (dashed blue ellipses
in Fig. 8). Calculated 207Pb/206Pb weighted-mean ages incorporate all
analyses shown in the concordia diagrams irrespective of their degree
of discordance. The results of all analyses performed during eight
different analytical sessions from October 2011 to January 2013 are
summarized in Fig. 8. For the interested reader, a similarfigure showing
the offset of both the 207Pb/206Pb and 206Pb/238U ages is available as
Supplementary material.

Analyses of Paleoproterozoic crystals from the Phalaborwa
carbonatitic complex and the Tomashgorod dolerite are all within 0.5%
(using measured 207Pb/206Pb values) of their published TIMS results
and have 206Pb/238U weighted-mean ages that are concordant within
2%. Crystals from the Meso- and Neoproterozoic Fennoscandian
dolerites show a slightly larger variability but all have 207Pb/206Pb ages
that are within 0.7% age discrepancy. Results from the Kovdor
phoscorites and the Yinmawanshan gabbro display different magni-
tudes of 206Pb/238U age offset and uncertainty that correlate with the
acquisition parameters used for each particular session. In general, we
note that analyses acquired using the FAR approach have larger uncer-
tainties than those collected with IC due to the low Pb ion-beams
in the Faraday collectors, even when a spot size of 30 μm is used.
There is a general improvement in the age precision and accuracy
using the IC approach. Using this configuration, the age of Kovdor can
be reproduced within 1% and with average precision of 2% (2σ
confidence). The Yinmawanshan gabbro has not been previously
dated by TIMS methods, so addressing the accuracy of our ages is not
Fig. 8. Representative U–Pb concordia diagrams for each of the baddeleyite localities analyzed b
10 μmbeam and a 6 s ablation duration routine (i.e., ~3 μm in depth). Blue dashed ellipses are N
calculations. Red solid ellipses are b5% discordant spots. Uncertainties are quoted to 95% confide
quoted for each locality are cited in the text. No 207Pb/206Pb ages or concordance values are ca
straightforward. The two available age estimates for this sample are of
32.1 ± 0.5 Ma and 32.9 ± 0.5 Ma, and were obtained by LA-ICP-MS
dating of zircons (Yuan et al., 2004) and SIMS dating of baddeleyites
(Li et al., 2010), respectively. Most of our calculated ages are clustered
around the zircon LA-ICP-MS result, and therefore this is the reference
value we used to calculate the discrepancies in the offset chart (Fig. 9).
The largest departures from the zircon reference age are of ±3% in
magnitude (i.e., ±1 Ma), but still overlap with it within uncertainty.
Therefore, we can confidently say that even for crystals as young as
Oligocene in age, we are able to routinely retrieve ages that are accurate
and precise to within 3%. Nevertheless, note that all age estimates using
the 10 μm spot and shortest (6 s) routine are within 2% of age
discrepancy.

5. Evidence for intra-crystalline mobility of radiogenic Pb
in baddeleyite

The 206Pb/238U uncertainties associatedwith our age calculations are
in large part controlled by the primary standardization process (OD fac-
tors) and the systematic errors, which together constitute an important
part of the quoted total age uncertainties (Figs. 8 and9). It can be argued
that the excess scatter in the 206Pb/238U fractionation factors observed
from our primary reference material (FC-1 baddeleyite), might in part
be controlled by real perturbations to the U–Pb systematics and is not
just an artifact of overestimated analytical precision. For all of our
runs, we have found a good correlation between the departure-from-
average fractionation coefficient of a particular FC-1 analysis and its
magnitude of internal U zoning as evidenced by the measured 238
ion-currents. Sharp initial U heterogeneities in these crystals have
resulted in complex 206Pb/238U zoning profiles within single grains,
observed as higher 206Pb/238U ratios in low-U zones when adjacent to
high-U zones that display variable degrees of Pb-loss (Fig. 10). We
interpret this as the result of diffusion-induced radiogenic Pb (Pb*) im-
plantation from high-U zones to low-U zones of the crystal; in a zoned
baddeleyite with very low to negligible initial lead (as evidenced by
low 204Pb counts), elemental Pb concentration gradients will develop
y LA-ICP-MS during the course of this study. All the examples show data acquired using a
5% normal discordant spots that were not used towards theweighted-mean 206Pb/238U age
nce and are shown in the form± (A)[B] as described in Section 2.1.4. TIMS reference ages
lculated for Phanerozoic crystals.
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as a function of time in a pattern that mimics their initial U-zoning
profiles. Following a subsequent thermal overprint, these Pb profiles
will tend to anneal by diffusive fluxing down their own concentration
gradients, inducing Pb* migration from high-U zones towards low-U
zones.

The time-scales for diffusive annealing of Pb profiles in zoned zircons
have beendiscussed in detail by Cherniak andWatson (2000). These au-
thors demonstrated that, when not affected by radiation damage, Pb
zoning profiles in zircon would not be significantly modified by volume
diffusion even during protracted heating episodes at temperatures
higher than those typically achieved within the crust (N700 °C).
For baddeleyites, this is impossible to quantify at this point given the
lack of experimental Pb diffusion data. However, if we accept that the
apparent closure temperature of the U–Pb system in baddeleyite is
close to that of zircon (Amelin et al., 1999; Soderlund et al., 2004), in a
qualitative way our observations seem to imply that Pb-migration
within FC-1 crystals was induced by re-heating after the crystals had
been significantly affected by radiation damage, or that the operating
mechanisms of intracrystalline Pb diffusion in baddeleyite are funda-
mentally different from those of zircon. Enhanced intra-crystalline Pb*
migration in baddeleyite relative to zircon could be a consequence of
radiation-induced phase transformations (Valdez et al., 2008), which
could generate ‘fast-paths’ for Pb diffusion along sub-domain grain
boundaries. The implantation of Pb* in low-U areas might also provide
a feasible explanation to the observation made by Rioux et al. (2010)
regarding the frequent reverse discordance measured in Phalaborwa
crystals after they have been treated with their chemical-abrasion tech-
nique (i.e., low radiation-damaged areas that survive the initial leaching
steps could have suffered Pb-gain). For our analytical method, further
improvements on the general accuracy of the fractionation uncertainty
contributions could be made if a more ‘suitable’ (less zoned and less
affected by Pb-loss) primary standard than FC-1 was calibrated and
made available in the future.

6. The limiting effects of out-of-equilibrium 231Pa enrichments on
the accuracy of high-precision Precambrian baddeleyite ages

A known source of error for the accurate estimation of U–Th–Pb ages
in anymineral system is the potential excess or deficiency of radiogenic
Pb that might result from initial disequilibrium concentrations of iso-
topes intermediate to the U and Th decay chains. A typical example of
this phenomenon is the 206Pb excess found in some monazites, pro-
duced as a result of excess incorporation of the relatively short-lived
230Th isotope that is intermediate to the 238U–206Pb decay chain
(Schärer, 1984). In baddeleyites, it has been observed from trace-
element studies that they tend to incorporate very little Th relative to
U (e.g., Soderlund et al., 2008), and so deficiency rather that excess of
206Pb is expected as a result. This initial degree of disequilibria is usually
fairly small, and because the relative Th concentrations in a crystal
can be estimated from the measurement of a longer-lived isotope
(i.e., 232Th), this deficiency can easily be accounted for and does not rep-
resent an issue for the accurate estimation of 206Pb/238U ages when no
other complications such as Pb-loss are present (Amelin and Zaitsev,
2002). On the other hand, for the 235U–207Pb decay-chain, 231Pa can
also introduce similar complications, but in this case its excess rather
than deficiency is the cause of the problem. Excess initial concentrations
of 231Pa have been suggested to be a potential source of primary dis-
cordance in some baddeleyites, as its decay produces an equivalent
amount of unaccounted 207Pb that affects 207Pb/235U ratios (Crowley
and Schmitz, 2009; Hoaglund, 2010). Protactinium has no other natu-
rally occurring isotopes besides 231, and initial enrichments in a closed
system will rapidly return to secular equilibrium values so no direct
proxies can be used to estimate initial concentrations in crystals older
than a ca. 200 ka (Schmitt, 2007). Therefore, the magnitude of initial
disequilibria for old crystals cannot be independently quantified. In ad-
dition to having an effect for age calculations using the 207Pb/235U ratio,
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excess 207Pb also affects the 207Pb/206Pb ratios in a direction of anoma-
lous positive age offset. Fig. 11 illustrates the expected magnitude of
anomalous positive shift (in %) on the calculated 207Pb/206Pb ages with
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respect to the ‘true’ age of a crystal, as a function of the initial degree
of 231Pa enrichment expressed as initial 235U/231Pa ratio. The gray shad-
ed areas in Fig. 11 are the typical analytical uncertainties that are rou-
tinely achieved for the 207Pb/206Pb ratio using our LA-ICP-MS method
(~0.5 to 2.0%) and those of ID-TIMS (~0.02 to 0.2%). Potential age
errors generated by excess 231Pa are, in most cases, not resolvable by
LA-ICP-MS dating and therefore the reported 207Pb/206Pb ages are likely
accurate within the quoted uncertainties. The same does not apply for
ID-TIMS dating, however, as the higher level of analytical precision
implies that smaller magnitudes of enrichment are readily resolvable
and could lead to the erroneous interpretation of high-precision,
normally discordant ages. If the obtained ratios for Precambrian
baddeleyite samples are concordant (at least in some of the analyzed
fractions), then age estimates aremost likely accuratewithin the quoted
analytical errors. On the other hand, if the results are normally discor-
dant, there is a possibility for this discordance to be primary and gener-
ated by 231Pa enrichment instead of due to Pb-loss, or also by loss of the
intermediate daughter product 222Rn. This last mechanism was pro-
posed by Davis and Sutcliffe (2012) in order to explain normally discor-
dant baddeleyite ages from the Logan Sills of the Lake Nipigon area,
which show 207Pb/206Pb ages that are slightly older than co-existing zir-
cons from the same samples. It should be noted that normal discordance
generated by the 222Rn-loss mechanism would explain the relatively
younger 206Pb/238U and older 207Pb/206Pb baddeleyite ages for FC-4b
better than 231Pa enrichment alone. Nevertheless, 222Rn-loss would not
fit that well with the results obtained by Amelin and Zaitsev (2002) for
their Kovdor crystals, and enrichments of the observed magnitude
(235U/231Pa ≈ 350 according to Fig. 11) would be resolvable by TIMS
for crystals at least as old as 2.0 Ga (Gray TIMS band in Fig. 11). It should
be evident from these potential complexities that care should be
exercised in the interpretations of stand-alone, upper-intercept
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207Pb/206Pb age data, as the ‘true’ age of crystallization for the sample in
question might lie outside of the quoted levels of analytical uncertainty.

7. Hf isotopic measurements

Similar to the U–Pb results discussed above, we conducted LA Lu–Hf
analyses on several reference baddeleyite crystals in order to estimate
the overall precision, accuracy and reproducibility of our analytical pro-
tocol. Given that many of the samples we used had not been previously
characterized by solution-MC-ICP-MS analyses, and such data are the
benchmark for accurate Hf isotope ratios (Vervoort et al., 2004;
Woodhead and Hergt, 2005; Wu et al., 2006; Cecil et al., 2011; Fisher
et al., 2014b), we report new solution results from four of our reference
crystals and use them to evaluate the laser data. The solution-MC-ICP-
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MS results are presented in Table 2 and the complete dataset for the
LA-MC-ICP-MS results is available as repository material. All un-
certainties to the reported weighted mean values are quoted at a 2σ
confidence level unless otherwise noted.

7.1. Duluth gabbro (FC-1)

We performed eight solution analyses in crystals from this im-
portant locality for which baddeleyite Hf results were previously
unavailable. Seven of these measurements yield a weighted mean of
0.282167± 5 (Fig. 12a) and one aliquot was discarded due to relatively
high residual interference ratios. Zircons from this locality had been
previously studied for Hf isotopic ratios via solution-MC-ICP-MS by
Woodhead and Hergt (2005) and Fisher et al. (2014b), obtaining
mean 176Hf/177Hf values of 0.282184 ± 16 and 0.282182 ± 12, respec-
tively. This discrepancy between zircons and baddeleyites is partially
reconciled after Lu-decay age corrections are applied to the data; when
recalculated at crystallization age (1098Ma) the initial 176Hf/177Hf com-
position for the zircon data of Fisher et al. (2014b) is 0.282162 ± 12,
for the zircon data of Woodhead and Hergt (2005) is 0.282158 ± 16,
and our new baddeleyite analyses yield a value of 0.282165 ± 5. Note
that the 176Lu/177Hf values reported by Woodhead and Hergt (2005)
and Fisher et al. (2014b) for zircon analyses show mean values of
0.001262 and 0.001009 ± 132, which is over an order of magnitude
higher than those reported here for baddeleyite crystals (average
176Lu/177Hf = 0.000105). Although the corrected initial 176Hf/177Hf
values for zircons and baddeleyites agree within analytical uncertainty,
it is evident that the zircon data require a more significant radiogenic-
ingrowth correction than baddeleyite. Therefore, in samples that lack
any zircon or contain both minerals, baddeleyite is an equally or more
reliable phase than zircon that can be used to obtain Hf isotopic compo-
sitions at time of crystallization. Our LA-MC-ICP-MS weighted average
176Hf/177Hf values for this sample are accurate to within 0.4 εHf units
for both analytical sessions.

7.2. Kovdor phoscorite

Seven solution analyses were performed on fragments from a single
Kovdor megacryst, all of them yielding b0.03% total interference ratios
in the 176 mass. Six of these runs are consistent with a 176Hf/177Hf
weighted-mean average of 0.282767 ± 5 while one of the aliquots has
a significantly lower value of 0.282677 andwas excluded from the aver-
age calculations (Fig. 12b). This last aliquot was analyzed for a second
time and the same valuewas reproduced, thus discarding the possibility
of a spurious run. This anomalous value, in addition to the slightly
elevated MSWD value of the aforementioned weighted-mean
(MSWD= 2.44), suggests that the scatter observed in this Kovdor crystal
is likely a consequence of real isotopic heterogeneity within this single
crystal as it cannot be explained by our estimated analytical uncertainties
alone. The laser results also provide support for this conclusion, and it is
evident from the second LA session of Kovdor that the obtained ratios
show a much larger degree of scatter in 176Hf/177Hf than any of the
other sampleswehave analyzed so far. Also, all the apparent ‘outlier’ anal-
yses from this session yield values that are lower than themean and are in
close agreement with the excluded solution aliquot. A crystal with REE
concentrations as low as Kovdor would be ideal for quantifying instru-
mental biases for Hf isotopes using LA-MC-ICP-MS but, unfortunately,
these preliminary results may preclude the use of this crystal as a poten-
tial reference material given its variable 176Hf/177Hf ratios. More detailed
analyses coupled with careful grain imaging are necessary to better ad-
dress this observation for other Kovdor crystals in the future.

7.3. Ämmänpelto dolerite (SA-003)

Baddeleyites from this locality had not been previously studied for
Hf isotope systematics, but they bear close resemblance to other dykes
and sills of the Central Scandinavian Dolerite Group studied in the
past by Soderlund et al. (2005; 2006). From the eight solution analy-
ses performed, six had clean Hf separations and yielded a modern
176Hf/177Hf ratio of 0.282167 ± 5 (MSWD = 0.37). 176Lu/177Hf values
estimated from the SC-ICP-MS runs shown in Table 2 indicate that crys-
tals from this dolerite have significantly higher REE concentrations
compared to other samples analyzed during this study. This observation
is also confirmed by the LA-MC-ICP-MS results, and the range of Yb con-
centrations measured was found to be anywhere from ~5 to 28% in
176Yb/(176Yb + 176Hf) interference. From our two LA sessions, we ob-
tained 176Hf/177Hf values of 0.282161 ± 7 (n = 48, MSWD= 2.2) and
0.282154 ± 5 (n= 31, MSWD= 0.99), respectively. These ratios indi-
cate offsets within 0.5 εHf units from the measured solution values
(Fig. 12c).

7.4. Yinmawanshan gabbro (SK10-2)

Solution and LA-MC-ICP-MS Hf results for baddeleyites from this
gabbro were reported by Wu et al. (2006) and based on their results
they recommend a modern 176Hf/177Hf reference ratio of 0.282738 ±
13. From our two LA sessions, we obtained ratios of 0.282747 ± 12
(n = 19, MSWD= 1.3) and 0.282745 ± 8 (n= 20, MSWD= 1.4), re-
spectively, indicating offsets within 0.4 εHf units from the solution
value for both runs. One spot analysis from session one was discarded
based on a two-sigma outlier filter (Fig. 12d). Yb interferences to
176Hf measured by us range from ~4 to ~20% (176Yb/177Hf ratios
between 0.010393 and 0.071414). These are significantly higher
than those reported by Wu et al. (2006) but still result in a corrected
176Hf/177Hf value that is in very good agreement with their solution
results.

7.5. Phalaborwa carbonatite

The Phalaborwa carbonatitic complex is probably the best-studied
locality in terms of baddeleyite Hf isotope systematics. Solution-MC-
ICP-MS analyses have been published by Scherer et al. (2001) and
Wu et al. (2006). Scherer et al. (2001) obtained modern ratios of
0.281193 ± 14 and 0.281181 ± 14 from two individual spiked and
unspiked runs, with a very low 176Lu/177Hf ratio of 0.000005; no Yb con-
centrations or 176Yb/177Hf ratios were reported by these authors. Wu
et al. (2006) measured several aliquots for two different baddeleyite
megacrysts, obtaining 176Hf/177Hf ratios of 0.281229 ± 11 (n = 13,
MSWD = 8.6) and 0.281206 ± 19 (n = 20, MSWD = 18). The differ-
ences in 176Hf/177Hf results obtained by these two studies, along with
the high MSWD values for the weighted means reported by Wu et al.
(2006), indicate that there is significant inter- and intra-grain variability
in Hf isotopic ratios for baddeleyitemegacrysts from this locality. This ob-
servation was later confirmed by LA-MC-ICP-MS measurements, and
176Hf/177Hf values found in the literature range anywhere from
0.281184 ± 6 to 0.281267 ± 37 (Wu et al., 2010; 2011; Xie LieWen
et al., 2008). During our two LA sessions (Fig. 12e) we obtained
weighted-mean 176Hf/177Hf ratios of 0.281262 ± 9 (n = 31, MSWD =
1.1) and 0.281255 ± 13 (n = 10, MSWD = 1.1). These values are
within the range of previously published results, but since we did not
conduct any solution analyses from this Phalaborwa crystalwe cannot es-
timate the accuracy of our LA-MC-ICP-MS results.

7.6. Sorkka dolerite

Baddeleyite Hf analyses from the Sorkka dolerite were used by
Söderlund et al. (2004) to calculate the decay constant of 176Lu. From
a mineral Lu–Hf isochron they deduced an initial 176Hf/177Hf ratio of
0.282142 ± 7 for the parental melt of this dolerite, and the baddeleyite
fractions displayed modern ratios ca. 0.282144. LA-MC-ICP-MS results
measured in Session 2 have an average modern value of 0.282130 ±
12 (n = 14, MSWD = 1.3), indicating an offset of −0.5 εHf units
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from the published solution value (Fig. 12f). Considering the fact that
these Sorkka crystals display large Yb interferences up to 38% on the
measured 176(Yb + Lu + Hf)/177Hf ratios, and no apparent 176Hf/177Hf
vs. 176Yb/177Hf trends are observed in the data, we consider the agree-
ment between our laser data and the solution results to be an indication
of the robust Yb interference corrections that are achieved by our
procedure.

8. Applied example: the age and Hf isotopic composition of the
Ogden gabbro — Southern Appalachians

The Ogden pluton of the Southern Appalachians is a mafic intrusive
body consisting entirely of gabbronorite with distinct hornblende- and
olivine-rich facies (McSween, 1981), whose crystallization age has
been estimated at 406 ± 32 Ma by a Sm–Nd mineral isochron
(McSween et al., 1984). Field relationships indicate that this gabbro is
intrusive into slightly older (ca. 580 to 520 Ma) metagabbros and
paragneisses of the Charlotte Belt (Butler, 1966), and is associated
with other gabbroic to syenitic plutons in the Carolinia terrane that
also yield Lower Devonian ages by the Sm–Nd method (the Concord-
Salisbury Plutonic Suite; McSween et al., 1984). Mineral separates
from a fresh hornblende gabbro sample (N34°49′36.7″, W81°05′29.9″)
yielded abundant baddeleyite and zircon crystals with subhedral to
anhedral sub-rounded shapes, reaching up to 120 μm in diameter.
Baddeleyite crystals were analyzed for U–Pb geochronology and Hf
isotopes using our LA-MC-ICP-MS methods before subsequent
CA-TIMS and solution-MC-ICP-MS Hf results were obtained (Tables 2
and 3). Fig. 13a shows the CA-TIMS U–Pb results, which constraint the
baddeleyite crystallization age from the Ogden gabbro to the Lower
Devonian Lochkovian stage at 411.91 ± 0.25(0.32)[0.54] Ma and
Fig. 13b shows the excellent agreement of the LA-MC-ICP-MS results
obtained with our analytical protocols using FC-1 baddeleyite to correct
for U–Pb fractionation (red ellipses), yielding an age of 410.0 ± (6.2)
[8.2] Ma. This demonstrates the accuracy of our 206Pb/238U fraction-
ation–correction procedures for dating Phanerozoic samples. Along
with the baddeleyite crystals, we mounted and analyzed fragments of
our Sri Lanka (SL2) in-house zircon standard (Gehrels et al., 2008)
and used those to correct the same baddeleyite dataset just to illustrate
the results of a non-matrix-matched reduction procedure. The gray
ellipses in Fig. 13b are the raw, uncorrected data, which yields a
206Pb/238U weighted-mean date of 520.7 ± 7.8 Ma, and the black
ellipses are the zircon-corrected data, which produce another false
Table 3
CA-TIMS U–Pb results for baddeleyites of the Ogden Gabbro.

Dates (Ma) Composition Isotopic ratios

Fraction 206Pb
238U

±2σ
abs

206Pb
238U

±2σ
abs

206Pb
238U

±2σ
abs

207Pb
238U

±2σ
abs

Corr.
coef.

% disc Pb*
(pg)

Pbc
(pg)

Pb�
Pbc

Th
U

206Pb
204Pb

206Pb
238U

±2σ
%

207Pb
235U

±2σ
%

207Pb
206Pb

±2σ
%

bThNa b b b c d e f g h i i i

Baddeleyite
b2 411.11 0.50 411.01 0.50 409.4 3.1 401 20 0.329 −2.61 6.04 0.40 15.2 0.00 1067 0.065834 0.13 0.4967 0.93 0.05474 0.90
b3 411.59 0.80 411.48 0.80 412.8 6.4 420 41 0.247 2.09 4.41 0.67 6.6 0.00 472 0.06591 0.2 0.5016 1.9 0.0552 1.8
b4 412.25 0.34 412.15 0.34 411.5 2.0 408 13 0.243 −1.03 10.3 0.44 23.2 0.00 1617 0.066023 0.084 0.4997 0.59 0.05492 0.58
b5 412.49 0.98 412.39 0.98 411.1 5.2 404 33 0.366 −2.14 4.89 0.52 9.4 0.00 671 0.06606 0.25 0.4991 1.5 0.05482 1.5
b6 411.7 1.1 411.6 1.1 410.8 7.9 406 50 0.446 −1.39 6.39 1.10 5.8 0.00 418 0.06593 0.29 0.499 2.4 0.0549 2.2

a Corrected for initial Th/U disequilibrium using radiogenic 208Pb and Th/U[magma] = 2.80.
b Isotopic dates calculated using the decay constants λ238 = 1.55125E-10 and λ235 = 9.8485E-10 (Jaffey et al. 1971).
c % discordance = 100 − (100 ∗ (206Pb / 238U date) / (207Pb / 206Pb date)).
d Total mass of radiogenic Pb.
e Total mass of common Pb.
f Ratio of radiogenic Pb (including 208Pb) to common Pb.
g Th contents calculated from radiogenic 208Pb and the 207Pb/206Pb date of the sample, assuming concordance between the U–Th and Pb systems.
h Measured ratio corrected for fractionation and spike contribution only.
i Measured ratio corrected for fractionation, tracer and blank.
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date of 515.7±7.8Ma. These results clearly demonstrate the inadequa-
cy of using zircon as a fractionation monitor to correct for baddeleyite
LA-ICP-MS U–Pb data as is commonly found in the literature (Renna
et al., 2011; Xie LieWen et al., 2008).

Using our Lu–Hf approach, ratiosmeasuredduring session one yielded
an averagemodern 176Hf/177Hf value of 0.282706± 12 (MSWD=2.0,
n = 23) and those from session two averaged 0.282703 ± 14
(MSWD = 1.7, n = 15). Calculated 176Hf/177Hf ratios at the time of
crystallization are undistinguishable from the modern ratios, owing to
the young age of this gabbro and the low Lu concentrations of these
baddeleyites. These results yield initial εHf values of 6.4 ± 0.6 and
6.3 ± 0.7, respectively, and are in excellent agreement with the sub-
sequent solution measurements which yielded an average modern
176Hf/177Hf value of 0.282694 ± 7 (n = 4, MSWD = 0.99) and
εHf(t) of 5.9 ± 0.3 (Fig. 14).

The Concord-Salisbury Plutonic Suite (CSPS) appears mostly
unmetamorphosed, and intrudes metamafic and metasedimentary
rocks of the Battleground Formation (Hibbard et al. 2006). Based on
this observation the CSPS has been interpreted to post-date the main
episode of deformation of the Carolinia terrane, which took place in
Late Ordovician to Silurian times as this peri-Gondwanan crustal
fragment accreted to the Appalachian Piedmont during the Salinian
Orogeny (Hibbard et al., 2007; van Staal, 2007; Nance et al., 2010).
The new geochronological and isotopic constraints from the Ogden gab-
bro further refine the chronology of the CSPS, restrict significant upper
Paleozoic metamorphism and deformation to pre-Lower Devonian
times, and attest for the role of juvenile, mantle-derived magmatic
input for the genesis of the early-Acadian magmatism of the Southern
Appalachians.

There are, to date, very few published TIMS U–Pb results for Phaner-
ozoic baddeleyites as previous studies have mostly focused on studying
Precambrian mafic dyke-swarms (e.g., Hanski et al., 2006; Ernst et al.,
2013). We suggest that baddeleyite crystals from the Ogden gabbro can
potentially be of use as a secondary standard for inter-laboratory com-
parisons and to monitor the accuracy of LA-ICP-MS and SIMS Pb/U frac-
tionation corrections. Mineral separates, consisting of both baddeleyite
and zircon from this intrusion, can be obtained by request from the
author or by contacting the ALC lab.

9. Conclusions

We present a method for LA-ICP-MS U–Pb dating of baddeleyites
which is capable of routinely producing ages with accuracy and
precision ~1.0–2.5%, which is comparable to what can be achieved in
zircon by using similar analytical techniques. These results are repro-
ducible with spot sizes ranging from 30 μm down to 8 μm in diameter,
excavating pits of ca. 2.8, 5.0 or 7.7 μm in depth. We found the pre-
ablation cleaning technique to be helpful in reducing surficial
common-Pb contamination of the analyses especially for the short-
burst acquisitions, significantly enhancing the accuracy of the 207Pb/
206Pb ratios and improving concordance. Our new low-volume analyti-
cal routine represents a significant improvement over the typical vol-
umes sampled by conventional LA-ICP-MS U–Pb geochronology, while
still retaining the ability to perform robust down-pit fractionation cor-
rections that allow us to identify elemental/isotopic zoning complexi-
ties to a sub-micron scale.

Experiments aimed at addressing the potential variability in instru-
mental fractionation introduced by crystallographic-orientation effects
suggest that this phenomenon does not constitute a significant impedi-
ment to the accuracywithwhich Phanerozoic baddeleyites can be dated
by LA-ICP-MS, as demonstrated by the accurate 206Pb/238U ages obtain-
ed from crystals of the Ogden, Kovdor and Yinmawanshan localities.
Further improvement in the precision of the method can be achieved
by the introduction of a more suitable primary standard that does not
suffer from the strong uranium zonation and intra-grain Pb mobility
complexities that we have described from FC-1 baddeleyites.

In addition to the U–Pb geochronologic results, we present high-
precision solution-MC-ICP-MS Hf isotopic results from four baddeleyite
localities that can be used as reference crystals for addressing the
accuracy of LA-MC-ICP-MSHf data.We obtainedmodern 176Hf/177Hf ra-
tios of 0.282167 ± 5 for FC-1 baddeleyites, 0.282767 ± 5 for a crystal
from a Kovdor phoscorite, 0.282167 ± 5 for the Ämmänpelto dolerite
(SA-003), and 0.282694 ± 7 for the Ogden gabbro. Based on these
new results we are able to demonstrate that our LA-MC-ICP-MS Lu–Hf
routine is capable of producing weighted average 176Hf/177Hf ratios
that are accurate to within 0.5 εHf units with respect to their solution
values.

The last thirty years have seen a rapid and steady increase in the
number of publications that utilize baddeleyite U–Pb ages to date the
emplacement of mafic and other silica-undersaturated igneous rocks
(Fig. 1 in Söderlund et al., 2013). With applications in the fields of
igneous petrology, tectonics, crust and mantle evolution, and super-
continent reconstructions by using the LIP record, among others, the
ability to rapidly and accurately obtain U–Pb–Hf information from
baddeleyites by LA-MC-ICP-MS will prove to be a very useful tool for
several fields of the Earth Sciences in the near future.
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