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Apatite is an important common U- and Th-bearing accessory mineral in igneous, metamorphic and clastic sed-
imentary rocks. The advent of in situ U–Th–Pb apatite geochronology by the SIMS and LA-(MC)-ICP-MSmethods
has demonstrated the importance of having uniform and homogeneous referencematerials. Recently, it has been
shown that Sr and Nd isotopic data combined with U–Pb age and trace element concentration data can provide
important constraints on apatite paragenesis because this phase usually exhibits high Sr and REE concentrations
but has low Rb/Sr ratios which result in negligible corrections for the ingrowth of radiogenic Sr. However, as ap-
atite can potentially have complex internal structures resulting from multiple thermal events, such as inherited
cores and metamorphic overgrowths, requires that the Sr and Nd isotopic data should be measured with high
spatial resolution. However isobaric interferences hamper the precise determination of Sr or Nd isotopic compo-
sitions in LA-MC-ICP-MS analysis. In this workwe undertook in situmeasurements of Sr and Nd isotopic compo-
sitions of eleven apatite reference materials (AP1, AP2, Durango, MAD, Otter Lake, NW-1, Slyudyanka, UWA-1,
Mud Tank, McClure Mountain and SDG) commonly used in U–Th–Pb geochronology. Our obtained Sr and Sm–

Nd isotopic compositions for these apatite samples are consistent with those values obtained by solution-
based methods (isotope dilution and ion chromatography) using MC-ICP-MS or TIMS, which demonstrates the
reliability and robustness of our analytical protocol.
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1. Introduction

Apatite [Ca5(PO4)3(F,OH,Cl)] is aminor but ubiquitousmineral in di-
verse terrestrial and lunar rocks (Pan and Fleet, 2002; Poitrasson et al.,
2002), and its major- and trace element compositions have beenwidely
used in petrogenetic and mineral exploration studies (e.g. Sha and
Chappell, 1999; Belousova et al., 2001, 2002; Chu et al., 2009a). It is be-
coming increasingly used in in situ U–Pb geochronology studies (Sano
et al., 1999, 2006; Chew et al., 2011; Li et al., 2012; Thomson et al.,
2012; Chew et al., 2014), while it has been long recognized that apatite
can also provide important Sr–Nd isotopic petrogenetic information
(Zaitsev and Bell, 1995; Rakovan et al., 1997). Typically its 87Sr/86Sr
composition can be regarded as the initial strontium isotopic value be-
cause of the extremely low Rb/Sr ratio in most apatites (normally
87Rb/86Sr b 0.0001). Recent developments in in situ laser ablation tech-
niques make it possible to determine rapidly Sr (Bizzarro et al., 2003;
Schmidberger et al., 2003; Horstwood et al., 2008; Nowell and
Horstwood, 2009; Yang et al., 2009a,b; Henderson et al., 2010; Wu
et al., 2010a,b,c; Mitchell et al., 2011; Wu et al., 2011, 2013a,b) or Nd
(Foster and Vance, 2006; Foster and Carter, 2007; McFarlane and
McCulloch, 2007, 2008; Yang et al., 2008; Carter and Foster, 2009;
Gregory et al., 2009; Wu et al., 2010a,b,c; Mitchell et al., 2011; Wu
et al., 2011, 2013a,b) isotopic compositions. Additionally, apatite has
also been used to construct precise Lu–Hf isochrons due to its high Lu/
Hf ratio (Scherer et al., 2001; Barfod et al., 2002, 2003, 2005;
Soderlund et al., 2004; Amelin, 2005). It is increasingly recognized
that apatite has wide applications in the Earth sciences, including geo-
chronology, isotopic tracing and geochemical discrimination studies.
Combined, these approaches can provide invaluable petrogenetic
information.

Multi-collector thermal ionization mass spectrometry (TIMS) is still
regarded as the benchmarkmethod for Sr or Nd isotopic analysis owing
to its inherent high precision (e.g. Li et al., 2007; Chu et al., 2009b). Nev-
ertheless, this technique is significantly more time consuming com-
pared to micro-beam methods (e.g. SIMS or LA-ICP-MS). Additionally
the TIMS method is unable to detect spatial variations in isotopic com-
positions unless micro-drilling is employed. Recently, multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS) has be-
come a routine tool for Sr or Nd isotopicmeasurements with the advan-
tage of high sample throughput (Ehrlich et al., 2001;Waight et al., 2002;
Fortunato et al., 2004; Balcaen et al., 2005; Yang et al., 2011c).
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Additionally, when coupled to laser ablation (LA) systems, in situ MC-
ICP-MS analysis makes it possible to obtain rapidly Sr or Nd isotopic
data from Sr- or REE-enriched minerals. While the precision of Sr or
Nd data obtained by LA-MC-ICP-MS cannot compare with that of
TIMS, sample preparation is much easier and the sample throughput is
significantly higher (e.g. Adams et al., 2005; Hart et al., 2005; Jackson
and Hart, 2006; Balter et al., 2008; Copeland et al., 2008; Fietzke et al.,
2008; Richards et al., 2008; Simonetti et al., 2008; Vroon et al., 2008;
Richards et al., 2009; Copeland et al., 2010; Yang et al., 2011a; Guo
et al., 2014; Yang et al., 2014a).

Similar to in situ Hf isotopic analyses on zircon (Woodhead and
Hergt, 2005; Wu et al., 2006; Blichert-Toft, 2008; Fisher et al., 2011a)
or in situ Pb isotopic analyses on K-feldspar (Tyrrell et al., 2006),
matrix-matched reference materials are required for in situ Sr or Nd
analyses (Yang et al., 2009a; Wu et al., 2010a,b,c). Undoubtedly, some
apatite reference materials employed in U–Th–Pb geochronology stud-
ies using the SIMS or LA-MC-ICP-MS techniques have potential as in situ
Sr or Nd reference materials. Nevertheless, their suitability as apatite Sr
orNd referencematerials has not been investigated in detail, with only a
few Sr and Nd isotopic data available for Durango apatite (Foster and
Vance, 2006; McFarlane and McCulloch, 2008; Fisher et al., 2011b;
Hou et al., 2013; Kimura et al., 2013a,b). Other apatite reference mate-
rials (e.g. AP1, AP2, MAD, Otter Lake, NW-1, Slyudyanka, UWA-1, Mud
Tank, McClure Mountain and SDG) have not been investigated for
their Sr and Nd isotopic compositions, although their U–Th–Pb age sys-
tematics have been well characterized using SIMS (Sano et al., 1999;
Nishizawa et al., 2004; Frei et al., 2005; Sano et al., 2006; Li et al.,
2012), LA-ICP-MS (Chew et al., 2011, 2014) or LA-(MC)-ICP-MS
(Willigers et al., 2002; Thomson et al., 2012). Therefore, more data
and inter-laboratory comparisons are required to evaluate the suitabil-
ity of apatite age reference materials as potential Sr or Nd reference
materials.

In this paper, we first present our Sr and Nd isotopic analyses for
MAD, Otter Lake, NW-1, Slyudyanka, Durango, UWA-1, Mud Tank, Mc-
Clure Mountain and SDG apatite using both solution-based and laser-
ablation sampling techniques in our laboratory. Additionally, the suit-
ability of two gem quality apatite megacrysts (AP1 and AP2), probably
fromMadagascar, was also evaluated for use as our in-house Sr orNd ap-
atite reference materials. The Sr and Nd isotopic compositions obtained
for these natural apatite samples are all consistent with values obtained
by solution-based methods (isotope dilution and ion chromatography)
usingMC-ICP-MSor TIMS,which indicates the reliability and robustness
of our analytical protocol.

2. Analytical methods

All eleven apatite samples investigated in this work were embedded
in epoxy resin blocks and polished prior to being analyzed for their
major and trace element concentrations and their Sr and Nd isotopic
compositions using in situ techniques. To validate the reliability of the
in situ analyses, the Sr and Nd isotopic compositions of aliquots of the
eleven apatite reference materials were also analyzed by ID-TIMS or
ID-MC-ICP-MS. All analyseswere conducted at the State Key Laboratory
of Lithospheric Evolution, the Institute of Geology and Geophysics, Chi-
nese Academy of Sciences, Beijing.

2.1. Major and trace element analyses

Major element analyses were conducted by electron microprobe
analysis (EMPA) using a JEOL–JAX8100. The typical beam size was 20
μm and an accelerating voltage of 15 kV and a beam current of 20 nA
were employed. Counting times were 20 s and total Fe is expressed as
Fe2O3. Analyses were acquired using the Probe for Windows software
and X-ray correction was undertaken using the CITZAF software. The
analytical uncertainties are within 2% for TiO2 and CaO, but are
~10–20% for other elements due to their low concentrations.
In situ trace element concentration analyses of individual apatite
grains were conducted using an Agilent 7500a quadruple inductively
coupled plasma mass spectrometer (Q-ICP-MS) coupled to a 193 nm
excimer ArF laser ablation system. The analytical protocol employed is
similar to that outlined in Xie et al. (2008). Helium gas was flushed to
minimize aerosol deposition around the ablation site, and mixed with
argon gas downstream of the ablation cell. During analysis, a spot size
of 30 μmwas applied with a repetition rate of 6 Hz, and the energy den-
sity employed was ~10 J/cm2. All measurements were performed in
time-resolved analysis mode utilizing peak jumping with 1 point per
mass peak. Each spot analysis consisted of approximately 30 s of back-
ground acquisition and 60 s of sample data acquisition. Every five sam-
ple analyses were followed by one NIST SRM 610 measurement. Raw
counts were processed offline and data-reduction and concentration
calculations were then performed using the Glitter laser ablation soft-
ware (Griffin et al., 2008). For calibration purposes, Ca determined by
electron microprobe, was used as an internal standard.

2.2. In situ Sr isotopic analyses

In situ Sr isotopic measurements by MC-ICP-MS have already been
described in detail elsewhere (Yang et al., 2009b), hence only a brief de-
scription is given below. A spot size of 60–120 was employed with a 6–
8Hz repetition rate and an energy density of 10 J/cm2, depending on the
Sr concentration of the samples. The Sr isotopic data were acquired by
static multi-collection in low-resolution mode using nine Faraday col-
lectors. Prior to laser analyses, the Neptune MC-ICP-MS was tuned
using a standard solution to obtain maximum sensitivity. A typical
data acquisition cycle consisted of a 40 s measurement of the Kr gas
blank with the laser switched off, followed by 60 s of measurement
with the laser ablating. Aswill be discussed below, AP1 has a nearly uni-
form Sr isotopic composition. Every ten sample analyses were followed
by one AP1 apatite reference material measurement for external cali-
bration.Meanwhile, AP2 apatite was analyzed in each analytical session
and treated as an unknown sample during the data-reduction
procedure.

Data reduction was done offline and the potential isobaric interfer-
ences were accounted for in the following order: Kr, Yb2+, Er2+ and Rb.
Firstly, the interference of 84Kr and 86Kr on 84Sr and 86Sr, respectively,
was removedusing the40 sKr gas baselinemeasurement. The isobaric in-
terference correction of 84Kr and 86Kr on 84Sr and 86Sr was conducted
using the natural Kr isotopic ratios (83Kr/84Kr = 0.20175, 83Kr/86Kr =
0.66474) (Christensen et al., 1995; Bizzarro et al., 2003). Secondly, the
presence of 167Er2+, 171Yb2+ and 173Yb2+ at masses 83.5, 85.5 and 86.5
was monitored based on the protocols of Ramos et al. (2004). Using the
isotopic abundances of Er and Yb (Chartier et al., 1999), the potential
double-charged ion isobaric interference of 166Er2+ (at m/z 83), 168Er2+

(at m/z 84) and 170Er2+ (at m/z 85) on 83Kr+, 84Sr+ and 85Rb+, respec-
tively, was evaluated and corrected by monitoring the interference-
free 167Er2+ (at m/z 83.5) signal intensity. Similarly, the potential
double-charged ion isobaric interference of 170Yb2+ (at m/z 85),
172Yb2+ (at m/z 86), 174Yb2+ (at m/z 87) and 176Yb2+ (at m/z 88) on
85Rb+, 86Sr+, 87Sr+ and 88Sr+, respectively, was assessed and corrected
for by monitoring the interference-free 173Yb2+ (at m/z 86.5) signal in-
tensity (Yang et al., 2014b). Thirdly, the natural ratio of 85Rb/87Rb
(2.5926) was used to correct for isobaric interference of 87Rb on 87Sr by
the exponential law, assuming that Rb has the samemass discrimination
behavior as Sr (Christensen et al., 1995; Ehrlich et al., 2001; Bizzarro et al.,
2003; Ramos et al., 2004, 2005; Woodhead et al., 2005; Richards et al.,
2008; Yang et al., 2011a, 2012). It is observed that the obtained 87Rb/
87Sr ratio is typically less than 0.0005 during in situ apatite Sr analysis, in-
dicating that the radiogenic 87Sr contribution is negligible (Yang et al.,
2011a). In addition, our previous work demonstrated that Ca argides
and dimers had an insignificant influence on Sr isotope analysis using a
NeptuneMC-ICP-MS (Yang et al., 2011c), a conclusion that is also strongly
supported by other studies (Bizzarro et al., 2003; Ramos et al., 2004; Yang
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et al., 2011a). A polyatomic interference by Ca–P–O has also been docu-
mented in in situ Sr analysis studies by LA-MC-ICP-MS (e.g. Horstwood
et al., 2008). However, this interference is most significant for low Sr con-
tents such as in tooth enamel (b300 ppm Sr, Horstwood et al., 2008;
Nowell and Horstwood, 2009 and Figs. 3, 4 & 5 therein). In this study,
the Sr concentration of the apatite reference materials is usually more
than 1000 ppm and so the potential effect of a Ca–P–O polyatomic inter-
ference would be significantly less, a conclusion which is also supported
by other studies (Copeland et al., 2010). Additionally, there is no system-
atic offset in this study between the Sr isotopic data obtained by LA-MC-
ICP-MS and the Sr isotopic data on the same samples determined by
solution-based methods (which employed ion chromatography to elute
away matrix elements such as Ca and P). Therefore, interferences from
Ca argides or dimers and Ca–P–O are not considered further in this
work. Finally, the 87Sr/86Sr ratios were calculated and normalized from
the interference-corrected 86Sr/88Sr ratio using the exponential law. The
whole data-reduction procedure was performed using an in-house
Excel VBA (Visual Basic for Applications) macro program.

2.3. In situ Nd isotopic analyses

The protocol for in situ Nd isotopic analysis has been described in
detail elsewhere (Yang et al., 2008; Liu et al., 2012) and is described
briefly below. Prior to laser analyses, the Neptune MC-ICP-MS was
tuned and optimized for maximum sensitivity using JNdi-1 standard
solution. A laser spot size of 60–120 μmwas employed with a 6–8 Hz
repetition rate, depending on the Nd concentration of the samples.
Each spot analysis consisted of approximately 60 s data acquisition
with the laser fired on. As will be discussed below, AP2 has a nearly
uniform Nd isotopic composition. Every ten sample analyses were
followed by one AP2 apatite reference material measurement for ex-
ternal calibration. Meanwhile, AP1 apatite was analyzed in each an-
alytical session and treated as an unknown during the data-
reduction protocol.

In order to obtain accurate 147Sm/144Nd and 143Nd/144Nd apatite
data by LA-MC-ICP-MS, great care must be taken to adequately correct
for the contribution of the isobaric interference of 144Sm on the 144Nd
signal. The Sm interference correction is complicated by the fact that
the 146Nd/144Nd ratio, which is conventionally used to normalize the
other Nd isotope ratios, is also affected by Sm interference. As a result
the mass bias correction of 144Sm interference on 144Nd cannot be ap-
plied directly from the measured 146Nd/144Nd ratio (Jackson et al.,
2001; Foster and Vance, 2006; McFarlane and McCulloch, 2007, 2008;
Yang et al., 2008, 2009a; Wu et al., 2010a,b,c; Yang et al., 2010a;
Fisher et al., 2011b; Iizuka et al., 2011; Mitchell et al., 2011).

In this work, we present an approach similar to that of McFarlane
and McCulloch (2007, 2008). However, we have adopted the recently
revised Sm isotopic abundances (147Sm/149Sm = 1.08680 and 144Sm/
149Sm = 0.22332) (Dubois et al., 1992; Isnard et al., 2005). First, we
used the measured 147Sm/149Sm ratio to calculate the Sm fractionation
factor and the measured 147Sm intensity by employing the natural
147Sm/144Sm ratio of 4.866559 (Isnard et al., 2005) to estimate the Sm
interference on mass 144. The interference-corrected 146Nd/144Nd
ratio can then be used to calculate the Nd fractionation factor. Finally,
the 143Nd/144Nd and 145Nd/144Nd ratios were normalized using the ex-
ponential law (Yang et al., 2008, 2010a; Fisher et al., 2011b; Iizuka et al.,
2011; Liu et al., 2012; Yang et al., 2013). The 147Sm/144Nd ratio of un-
known samples can also be calculated using the exponential law after
correcting for the isobaric interference of 144Sm on 144Nd as described
above. The 147Sm/144Nd ratio was then externally further calibrated
against the 147Sm/144Nd ratio of an AP2 apatite reference material dur-
ing the analytical sessions (McFarlane and McCulloch, 2007, 2008;
Iizuka et al., 2011; Liu et al., 2012; Yang et al., 2013). The raw data
were exported offline and thewhole data-reduction procedurewas per-
formed using an in-house Excel VBA (Visual Basic for Applications)
macro program.
2.4. Sr–Nd isotopic analyses by solution-based methods

Apatite chemical purification was undertaken using convention-
al ion exchange chromatography (Yang et al., 2010b, 2011b). All
chemical preparation was conducted on class 100 workbenches
within a class 1000 over-pressured clean laboratory. Apatite crystal
chips were washed in an ultrasonic bath with Milli-Q H2O and then
washed for several minutes with 2% HNO3. About ~5–8 mg of apa-
tite crystal was weighed into a 7 mL round bottom SavillexTM Tef-
lon/PFA screw-top capsule. Weighed aliquots of 84Sr or mixed
149Sm–150Nd isotopically enriched tracer were added to the sam-
ples followed by 3 mL of concentrated HCl. The capsules were
capped and then heated on a hotplate at about 120 °C for five
days. Following complete dissolution and spike-sample homogeni-
zation, the capsule was opened and then heated to evaporate to dry-
ness. One mL of 6 M HCl was added to the residue and then
evaporated. This procedure was performed twice. After cooling,
the sample was dissolved in 1.5 mL of 2.5 M HCl. The capsule was
again sealed and placed on a hot plate at about 100 °C overnight
prior to chemical purification.

After centrifuging, the solution was loaded onto a quartz ion ex-
change column (ca. 100 × 5 mm) packed with 2 mL AG50W-X12
resin, pre-conditioned with 25mL 6MHCl and 2mL of 2.5 M HCl, re-
spectively. The resin was then washed with a further 2 mL of 2.5 M
HCl, followed by 2.5 mL of 5 M HCl to remove undesirable matrix el-
ements. Rb was then eluted with 1.5 mL of 5 M HCl. To minimize the
potential isobaric interference of 87Rb on 87Sr and the resin was
rinsed with 4 mL of 5 M HCl to remove any residual Rb. Finally, the
Sr fraction was collected with 3 mL 5 M HCl and gently evaporated
to dryness. Finally, the REE fraction was eluted and collected with
10 mL 6 M HCl (Li et al., 2007; Chu et al., 2009b; Yang et al.,
2010b). The Nd and Sm separation was performed using Eichrom
Ln resin (100–150 μm, 2 mL) with 0.25 M HCl used to elute Nd and
0.40 M HCl used to elute Sm, modified from the technique of Pin
and Zalduegui (1997).

Additionally, in order to eliminate doubly charged ion (HREE) in-
terference on Sr (Waight et al., 2002; Yang et al., 2012), all eluted Sr
fractions from the standard cation resin were further purified using
Sr-spec resin prior to TIMS or MC-ICP-MS measurements. Consider-
ing the strong retention of Sr on Sr-spec resins, the Sr fraction was
dissolved in 1 mL of 3.0 M HNO3 and the sample solution was loaded
onto a Bio-Rad polypropylene column newly packed with 0.2 mL Sr-
spec resin (Waight et al., 2002; Balcaen et al., 2005; Yang et al., 2012,
2014b). Subsequently, the resin was rinsed with 20 mL of 3 M HNO3

and the Sr was stripped from the column using a small volume of
0.05 M HNO3. The first milliliter was discarded and the next 5 mL
was collected and dried down and then re-dissolved with 2–5 mL
of 2% HNO3 prior to analysis. A new portion of Sr-spec resin was
used for each set of analyses.

Sr and Sm–Nd isotopic compositions were measured using a GV
Instruments Isoprobe-T TIMS, and a Thermo Fisher Scientific
TRITON Plus TIMS and Neptune MC-ICP-MS (Li et al., 2007; Chu
et al., 2009b; Yang et al., 2011b, 2011c, 2012). The total procedural
blanks were less than 100 pg for Sr and 50 pg for Sm and Nd, indicat-
ing a negligible blank contribution and hence no correction was ap-
plied to the measured isotopic ratios. 87Sr/86Sr and 143Nd/144Nd
ratios were normalized to 86Sr/88Sr = 0.1194 and 146Nd/144Nd =
0.7219 respectively, using the exponential law. During the period
of data acquisition, standard reference material analyses yielded re-
sults of 87Sr/86Sr = 0.710250 ± 11 (2SD, n = 18) for NBS987 and
143Nd/144Nd = 0.512110 ± 12 (2SD, n = 16) for JNdi-1. In addition,
the USGS reference materials BCR-2 and BHVO-2 yielded results of
0.705002 ± 12 (2σm) and 0.703489 ± 11 (2σm) for 87Sr/86Sr,
0.512636 ± 10 (2σm) and 0.512995 ± 15 (2σm) for 143Nd/144Nd and
0.1385 and 0.1096 for 147Sm/144Nd respectively, which is identical
within error to their published values (Weis et al., 2006).
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3. Results

To date there are no reported Sr or Nd isotopic data for these apatite
reference materials in the literature with the exception of Durango ap-
atite. Their major and trace element concentrations and their Sr and
Nd isotopic data (obtained by LA-MC-ICP-MS) are summarized in
Tables 1, 2 and 3 respectively. REE and multi-element diagrams
(“spidergrams”) are presented in Fig. 1. Additionally, Sr and Nd isotopic
data on apatite crystal chips obtained by isotope dilution and ion chro-
matography followed by analysis by TIMS or MC-ICP-MS are shown in
Table 4 for comparison.

3.1. AP1 and AP2 apatites

As noted previously, two gem quality apatites AP1 and AP2 (1.5 cm ×
1 cm×0.5 cm, unknown location, probably fromMadagascar) are used as
in-house apatite referencematerials in our laboratory for laser ablation Sr
and Nd isotopic analyses (Yang et al., 2008, 2009a). ID-TIMS analyses
yielded a common Pb-corrected 206Pb/238U age of 475 Ma for both AP1
and AP2 apatite (Zhou, 2013). REE analyses by LA-ICP-MS indicate that
AP1 and AP2 are LREE enriched and exhibit a weak negative Eu anomaly
(Fig. 1a). AP1 exhibits higher Sr contents than AP2 (Fig. 1b).

A pilot suite of in situ LA-MC-ICP-MS analyses positioned on random
locations across apatite AP1 indicated that this reference material has a
uniform 87Sr/86Sr ratio (Fig. 2a). To confirm this finding, twelve separate
fragments of the AP1 crystal were dissolved and separated using the ion
chromatographymethods described previously. The individual Sr isoto-
pic results obtained by TIMS and MC-ICP-MS yield an average 87Sr/86Sr
value of 0.711370± 31 (2SD, n = 14) (Table 4), which is the reference
value used for externally calibrating other apatite reference materials
during the in situ Sr isotope analytical sessions in this study. Our
Table 1
Major (wt.%) and trace element (ppm) composition of the apatite reference materials in this s

Sample AP1 AP2 Durango
Chew

Durango
Fisher

Durango
Griffin

Durango
Hou

MAD

SiO2 0.79 1.22 0.46 0.18 0.32 0.28 0.83
FeO 0.02 0.01 0.03 0.04 0.04 0.03 0.02
MnO 0.03 0.03 0.02 0.01 0.01 0.01 0.02
MgO 0.00 0.01 0.04 0.02 0.02 0.03 0.01
CaO 55.57 55.66 53.90 53.99 53.85 53.94 55.30
SrO 0.24 0.07 0.05 0.04 0.05 0.05 0.17
P2O5 40.82 39.74 41.88 42.16 41.91 42.25 39.94
Cl 0.30 0.20 0.41 0.43 0.40 0.39 0.20
F 3.97 4.16 3.71 3.63 4.53 3.68 4.13
Total 100.01 99.30 99.21 99.44 99.54 99.44 98.83
Rb 0.18 0.26 0.12 0.11 0.13 0.12 0.25
Sr 2506 591 482 456 491 476 1650
Ba 1.3 1.5 1.7 1.4 1.8 1.5 1.2
Nb 0.23 2.6 1.0 0.02 0.03 0.02 0.07
Ta 0.01 0.03 0.00 0.00 0.00 0.00 0.01
Zr 5.9 6.3 1.4 0.6 1.1 0.8 9.8
Hf 0.31 0.51 0.23 0.19 0.23 0.26 0.45
Pb 15 48 0.9 0.4 0.7 0.6 16
Th 647 2095 320 151 270 231 661
U 24 66 20 7 11 11 19
La 1925 2269 4285 3176 3819 3334 1745
Ce 3783 4261 5405 3635 5178 4561 3338
Pr 403 422 488 307 496 436 349
Nd 1501 1435 1677 1009 1745 1514 1290
Sm 205 178 237 127 244 207 173
Eu 31 19 21 15 22 20 25
Gd 120 105 204 105 206 174 102
Tb 14 12 28 13 27 23 12
Dy 64 61 154 68 146 123 53
Ho 11 11 32 14 30 25 9.2
Er 25 26 83 34 77 64 21
Tm 3.0 3.3 10 4 10 8 2.4
Yb 18 20 59 27 56 47 15
Lu 2.3 2.4 6 4 7 6 1.9
Y 309 321 911 427 886 762 257
previous solution and laser analyses of apatite AP1 yielded 87Sr/86Sr
values of 0.71138 ± 2 (2SD, n = 4) and 0.71137 ± 7 (2SD, n = 61), re-
spectively (Yang et al., 2009b). Recently, Hou et al. (2013) reported an
87Sr/86Sr value of 0.71136 ± 9 (2SD, n = 16) for apatite AP1 by LA-
MC-ICP-MS (Table 5).

Similarly, our data from the last six years indicate that AP1 apatite is
relatively homogeneous in terms of its Nd isotopic composition
(Fig. 2b). As shown in Table 3, the 143Nd/144Nd ratios from apatite
AP1 range from 0.511340 ± 34 (2SD n = 14) to 0.511374 ± 34 (2 SD,
n = 10) with an average value of 0.511349 ± 38 (2SD, n = 396),
while the 147Sm/144Nd ratios range from 0.0813 ± 5 (2SD, n = 12) to
0.0831 ± 4 (2SD, n = 12) with an average value of 0.0822 ± 14 (2SD,
n = 396). The mean 145Nd/144Nd value of 0.348410 ± 34 (2SD, n =
396) is consistent with the recommended value of 0.348415
(Wasserburg et al., 1981; Liu et al., 2012) (Table 3). For comparison,
twelve different chips from a large crushed crystal of AP1 apatitewere se-
lected at random for solution MC-ICP-MS analyses (Table 4), yielding
mean 143Nd/144Nd and 147Sm/144Nd ratios of 0.511352 ± 24 (2SD, n =
12) and 0.0825 ± 12 (2SD, n = 10), respectively (Fig. 2b). The
corresponding εNd(t) average value for AP1 apatite is −18.2 ± 0.5
(2SD, n = 10) (Table 4), which is almost identical to the εNd(t) average
value of −18.2 ± 0.8 (2SD, n = 396) obtained by the laser ablation
technique (Table 3, Fig. 2b).

AP2 apatite yielded a homogenous 143Nd/144Nd and exhibited a nar-
row variation in 147Sm/144Nd ratio (RSD b 1%) during our laser ablation
sessions (Fig. 2d) (Liu et al., 2012). Twelve separate chips of the apatite
crystal AP2 were dissolved and analyzed and yielded average 143Nd/
144Nd and 147Sm/144Nd ratios of 0.511007 ± 30 (2SD, n = 13) and
0.0764 ± 2 (2SD, n = 10), respectively (Table 4). The Nd isotopic com-
position of apatite AP2 is therefore homogeneous and it has been used
to calibrate externally the other apatite samples during this study.
tudy.

Otter Lake NW-1 Slyudyanka UWA-1 Mud Tank McClure
Mountain

SDG

0.94 1.25 0.44 0.97 0.01 0.25 3.04
0.02 0.01 0.01 0.00 0.07 0.01 0.00
0.01 0.02 0.02 0.02 0.03 0.03 0.02
0.00 0.01 0.01 0.01 0.06 0.01 0.01

53.44 54.24 54.66 53.67 55.30 55.08 51.58
0.20 0.53 0.14 0.10 0.35 0.40 1.44

38.45 39.81 40.70 40.12 42.09 41.83 34.48
0.05 0.01 0.13 0.02 0.04 0.02 0.24
4.88 1.84 3.88 4.49 2.02 3.37 4.15

96.58 96.96 99.58 97.42 99.33 99.59 93.21
0.43 0.15 0.02 0.44 0.22 0.12 0.20

1668 5512 1231 1186 2681 3422 11368
2 13 10 0.80 83 8.3 1.3
0.26 4.6 0.43 0.70 0.42 0.15 2.4
0.08 0.07 0.00 0.85 0.03 0.03 0.03
1.61 52 5.79 1.71 1.9 3.2 48
0.08 0.24 0.29 0.13 0.10 0.20 0.39

61 26 10 56 3.0 3.7 50
753 48 142 828 11 38 705
99 122 68 165 2.1 12 47

2772 3576 77 2857 414 1609 7209
6832 7477 140 6876 980 2362 15668
832 865 14 901 237 126 1843

3205 3468 53 3747 550 843 7344
445 582 10 731 93 102 911
78 169 2 93 25 37 196

275 400 9 676 64 77 468
34 49 1 114 6.4 8.3 38

173 225 8 716 25 40 140
33 34 2 154 3.4 7.4 21
85 68 5 421 6 18 49
11 7.0 1 55 0.5 2.3 5.5
68 35 4 311 2.4 14 33
8.4 3.6 0.48 31 0.25 1.9 4.3

889 851 46 3583 73 206 605



Table 2
Laser ablation Sr isotopic analytical results of the apatite reference materials in this study.

Apatites Analysis date 84Sr/86Sr
(±2SD)

84Sr/88Sr
(±2SD)

87Rb/86Sr
(±2SD)

87Sr/86Sr
(±2SD)

RSD
(%)

Analyses
Number

AP2 2009.09.14 0.0562(3) 0.00671(4) 0.0003(3) 0.72653(10) 0.014 35
AP2 2009.11.09 0.0561(4) 0.00669(5) 0.0005(3) 0.72649(09) 0.012 55
AP2 2010.10.14 0.0565(5) 0.00675(6) 0.0004(2) 0.72651(20) 0.027 14
AP2 2010.10.18 0.0561(8) 0.00670(10) 0.0003(2) 0.72656(16) 0.022 16
AP2 2010.10.19 0.0560(6) 0.00669(7) 0.0004(1) 0.72652(14) 0.019 10
AP2 2010.10.20 0.0562(3) 0.00671(4) 0.0004(1) 0.72661(19) 0.026 16
AP2 2010.10.21 0.0563(5) 0.00673(6) 0.0004(1) 0.72655(15) 0.020 19
AP2 2011.01.03 0.0560(4) 0.00669(5) 0.0005(3) 0.72660(13) 0.018 36
AP2 2011.02.22 0.0563(9) 0.00673(11) 0.0004(2) 0.72648(17) 0.024 14
AP2 2011.08.15 0.0559(5) 0.00668(6) 0.0007(6) 0.72656(14) 0.019 15
AP2 2011.08.17 0.0557(6) 0.00665(7) 0.0005(2) 0.72656(20) 0.027 13
AP2 2011.08.22 0.0563(6) 0.00673(8) 0.0005(7) 0.72657(16) 0.022 16
AP2 2011.08.23 0.0563(7) 0.00672(9) 0.0005(4) 0.72652(14) 0.019 38
AP2 2011.08.26 0.0565(8) 0.00675(9) 0.0004(2) 0.72659(18) 0.024 13
AP2 2011.08.29 0.0565(6) 0.00675(8) 0.0003(4) 0.72660(16) 0.022 16
AP2 Mean 0.0562(7) 0.00671(8) 0.0004(4) 0.72655(16) 0.022 326
Durango Hou 2009.11.06 0.0552(5) 0.00659(6) 0.0011(3) 0.70636(13) 0.018 15
Durango Hou 2009.11.07 0.0554(3) 0.00662(4) 0.0010(2) 0.70633(15) 0.022 11
Durango Hou 2009.11.08 0.0556(3) 0.00664(4) 0.0011(10) 0.70633(07) 0.010 13
Durango Hou 2010.10.14 0.0559(11) 0.00668(13) 0.0008(4) 0.70635(16) 0.022 18
Durango Hou 2010.10.15 0.0557(8) 0.00665(9) 0.0006(3) 0.70635(15) 0.021 11
Durango Hou 2010.10.18 0.0557(7) 0.00666(8) 0.0006(5) 0.70640(13) 0.018 16
Durango Hou 2010.10.21 0.0563(9) 0.00673(11) 0.0011(1) 0.70636(13) 0.018 17
Durango Hou 2011.01.03 0.0552(7) 0.00659(8) 0.0009(2) 0.70632(14) 0.019 55
Durango Hou Mean 0.0556(10) 0.00664(12) 0.0009(5) 0.70634(14) 0.020 156
MAD 2011.08.12 0.0565(6) 0.00674(7) 0.0001(1) 0.71186(14) 0.020 20
MAD 2011.11.08 0.0566(4) 0.00676(5) 0.0000(1) 0.71179(06) 0.009 8
MAD 2011.11.09 0.0566(3) 0.00675(3) 0.0001(0) 0.71180(08) 0.012 15
MAD 2012.04.17 0.0565(7) 0.00675(8) 0.0002(2) 0.71179(08) 0.011 12
MAD 2012.04.18 0.0563(6) 0.00672(7) 0.0002(4) 0.71180(12) 0.017 13
MAD 2012.11.13 0.0565(3) 0.00675(3) 0.0001(0) 0.71177(09) 0.013 26
MAD 2012.11.14 0.0567(1) 0.00677(2) 0.0001(0) 0.71179(05) 0.007 18
MAD Mean 0.0565(5) 0.00675(6) 0.0001(2) 0.71180(11) 0.016 112
Otter Lake 2011.08.12 0.0564(5) 0.00674(6) 0.0005(2) 0.70421(09) 0.013 20
Otter Lake 2011.11.08 0.0566(4) 0.00675(4) 0.0002(4) 0.70422(11) 0.015 21
Otter Lake 2011.11.09 0.0565(8) 0.00674(10) 0.0003(0) 0.70424(15) 0.021 9
Otter Lake 2012.04.17 0.0561(7) 0.00670(8) 0.0004(2) 0.70421(08) 0.012 15
Otter Lake 2012.04.18 0.0561(8) 0.00670(9) 0.0004(1) 0.70419(05) 0.007 8
Otter Lake 2012.11.13 0.0568(4) 0.00679(5) 0.0004(3) 0.70421(16) 0.022 26
Otter Lake 2012.11.14 0.0574(5) 0.00685(7) 0.0005(3) 0.70419(13) 0.018 19
Otter Lake Mean 0.0566(10) 0.00676(11) 0.0004(3) 0.70421(12) 0.017 117
NW-1 2009.11.08 0.0565(4) 0.00674(5) 0.0001(1) 0.70246(07) 0.010 19
NW-1 2010.10.17 0.0564(2) 0.00674(3) 0.0001(1) 0.70249(07) 0.010 16
NW-1 2010.10.18 0.0564(2) 0.00674(3) 0.0002(9) 0.70248(05) 0.007 16
NW-1 2011.08.12 0.0564(5) 0.00674(5) 0.0001(0) 0.70249(09) 0.012 20
NW-1 2011.08.13 0.0564(4) 0.00673(5) 0.0001(0) 0.70249(12) 0.018 16
NW-1 Mean 0.0564(4) 0.00674(4) 0.0001(4) 0.70248(08) 0.012 87
Slyudyanka 2011.08.12 0.0566(4) 0.00676(4) 0.0000(0) 0.70769(11) 0.015 20
Slyudyanka 2011.11.08 0.0565(5) 0.00675(5) 0.0001(4) 0.70766(13) 0.018 20
Slyudyanka 2012.02.17 0.0565(6) 0.00675(7) 0.0001(4) 0.70770(15) 0.022 18
Slyudyanka 2012.02.18 0.0566(12) 0.00676(14) 0.0000(2) 0.70771(16) 0.023 18
Slyudyanka 2012.02.19 0.0563(7) 0.00672(8) 0.0002(12) 0.70766(13) 0.018 8
Slyudyanka 2012.11.16 0.0563(7) 0.00673(8) 0.0002(3) 0.70770(13) 0.018 15
Slyudyanka 2012.11.22 0.0565(8) 0.00674(9) 0.0001(1) 0.70773(21) 0.029 13
Slyudyanka Mean 0.0565(7) 0.00675(9) 0.0001(4) 0.70769(15) 0.021 110
Mud Tank 2014.01.20 0.0563(4) 0.00673(5) 0.0000(0) 0.70302(08) 0.011 15
McClure Mountain 2014.01.20 0.0563(4) 0.00672(5) 0.0000(0) 0.70371(07) 0.011 13
SDG 2014.01.20 0.0564(7) 0.00673(8) 0.0000(0) 0.70298(16) 0.023 14

Bold data indicate the mean value of corresponding item for apatite reference materials.
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Similarly, during the last three years, we obtained an 87Sr/86Sr
ratio for apatite AP2 by LA-MC-ICP-MS of 0.72655 ± 16 (2SD, n =
326) (Fig. 2a), which is within uncertainty of the 87Sr/86Sr ratio of
0.72654 ± 5 (2SD, n = 13) obtained by solution-based methods
(TIMS and MC-ICP-MS) (Table 4). The average 84Sr/86Sr and 84Sr/88Sr
ratios obtained for apatite AP2 are 0.0562 ± 7 (2SD, n = 326) and
0.00671 ± 8 (2SD, n = 326) (Table 2), respectively, which are within
error of the accepted values of 0.0565 and 0.00675 (Table 2). Addition-
ally, our previous solution and laser analyses of apatite AP2 yielded 87Sr/
86Sr values of 0.72655 ± 2 (2SD, n = 2) and 0.72652 ± 10 (2SD, n =
35), respectively (Yang et al., 2009b) (Table 5). Therefore, we chose to
use AP1 as a Sr isotope external reference material and AP2 as a Nd iso-
tope external referencematerial for the in situ apatite Sr and Nd isotopic
analyses in this study.

3.2. Durango apatite

Durango apatite is a distinctive yellow-green fluorapatite that is
found as exceptionally coarse crystals within the open pit iron mine at
Cerro de Mercado, on the northern outskirts of Durango City, Mexico



Table 3
Laser ablation Nd isotopic analytical results of the apatite reference materials in this study.

Apatites Analysis date [147Sm/144Nd]m
(±2SD)

RSD
(%)

[143Nd/144Nd]m
(±2SD)

[145Nd/144Nd]m
(±2SD)

[143Nd/144Nd]i εNd(t)
(±2SD)

Analyses
Numbers

AP1 2007.09.30 0.0816(03) 0.4 0.511361(21) 0.348422(25) 0.511107 −18.0(0.4) 10
AP1 2007.10.24 0.0828(07) 0.6 0.511356(36) 0.348421(24) 0.511098 −18.1(0.7) 90
AP1 2007.10.25 0.0828(07) 0.9 0.511367(49) 0.348414(24) 0.511109 −17.9(0.9) 27
AP1 2008.01.09 0.0823(06) 0.8 0.511363(47) 0.348416(26) 0.511107 −18.0(0.9) 27
AP1 2008.11.06 0.0823(10) 1.2 0.511361(45) 0.348405(19) 0.511105 −18.0(0.8) 11
AP1 2008.11.07 0.0813(08) 1.0 0.511352(46) 0.348392(32) 0.511099 −18.1(0.9) 12
AP1 2009.05.03 0.0817(11) 1.3 0.511356(34) 0.348404(29) 0.511101 −18.1(0.7) 40
AP1 2010.10.05 0.0827(10) 1.2 0.511340(38) 0.348397(15) 0.511082 −18.4(0.8) 11
AP1 2010.10.06 0.0829(08) 1.0 0.511337(40) 0.348397(17) 0.511080 −18.5(0.8) 09
AP1 2010.10.09 0.0820(11) 1.4 0.511353(35) 0.348405(13) 0.511098 −18.1(0.7) 12
AP1 2010.10.10 0.0827(02) 0.2 0.511362(45) 0.348408(18) 0.511104 −18.0(0.9) 17
AP1 2010.10.22 0.0831(04) 0.5 0.511359(30) 0.348395(17) 0.511101 −18.1(0.6) 12
AP1 2010.12.26 0.0813(05) 0.7 0.511343(32) 0.348408(16) 0.511091 −18.3(0.6) 12
AP1 2010.12.27 0.0817(12) 1.5 0.511340(34) 0.348407(17) 0.511086 −18.4(0.6) 14
AP1 2010.12.28 0.0817(02) 1.5 0.511342(37) 0.348403(26) 0.511088 −18.3(0.7) 12
AP1 2010.12.29 0.0818(05) 0.7 0.511344(32) 0.348432(48) 0.511089 −18.3(0.6) 12
AP1 2010.12.30 0.0827(11) 1.4 0.511344(27) 0.348435(23) 0.511087 −18.3(0.5) 30
AP1 2011.02.17 0.0822(08) 1.0 0.511343(37) 0.348404(17) 0.511087 −18.3(0.7) 17
AP1 2012.04.19 0.0826(06) 0.7 0.511345(37) 0.348413(28) 0.511088 −18.3(0.7) 11
AP1 2012.09.10 0.0819(06) 0.8 0.511374(34) 0.348407(16) 0.511120 −17.7(0.7) 10
AP1 Mean 0.0822(14) 1.6 0.511349(38) 0.348410(34) 0.511094(39) −18.2(0.8) 396
Durango Chew 2011.11.05 0.0882(09) 1.0 0.512500(33) 0.348409(33) 0.512482 −2.27(0.64) 8
Durango Chew 2011.11.06 0.0883(20) 2.3 0.512495(50) 0.348405(32) 0.512477 −2.36(0.97) 32
Durango Chew 2011.11.07 0.0882(17) 2.0 0.512490(34) 0.348407(20) 0.512472 −2.46(0.66) 55
Durango Chew 2012.09.10 0.0882(23) 2.6 0.512500(46) 0.348410(24) 0.512482 −2.27(0.90) 22
Durango Chew 2012.09.11 0.0890(13) 1.5 0.512496(34) 0.348402(21) 0.512478 −2.35(0.67) 24
Durango Chew 2012.09.12 0.0893(05) 0.6 0.512474(60) 0.348391(22) 0.512456 −2.77(1.16) 20
Durango Chew 2012.09.13 0.0888(30) 3.4 0.512467(59) 0.348401(52) 0.512449 −2.91(1.16) 13
Durango Chew 2012.09.16 0.0882(15) 1.7 0.512495(28) 0.348412(27) 0.512477 −2.36(0.55) 17
Durango Chew Mean 0.0885(19) 2.2 0.512490(46) 0.348405(29) 0.512472(46) −2.45(0.90) 191
Durango Fisher 2013.08.01 0.0765(12) 1.5 0.512477(39) 0.348410(26) 0.512462 −2.66(0.75) 31
Durango Griffin 2013.08.01 0.0840(17) 2.1 0.512491(28) 0.348416(19) 0.512474 −2.43(0.55) 30
Durango Hou 2013.08.01 0.0846(06) 0.7 0.512484(20) 0.348414(13) 0.512467 −2.56(0.39) 30
Durango Chew 2013.08.01 0.0905(20) 2.2 0.512497(25) 0.348419(15) 0.512478 −2.34(0.48) 30
MAD 2011.11.07 0.0805(06) 0.7 0.511321(33) 0.348405(22) 0.511066 −18.5(0.6) 60
MAD 2012.09.10 0.0814(13) 1.6 0.511333(67) 0.348404(25) 0.511075 −18.3(1.3) 23
MAD 2012.09.11 0.0813(17) 2.1 0.511309(59) 0.348390(22) 0.511051 −18.8(1.2) 24
MAD 2012.09.12 0.0819(17) 2.1 0.511308(51) 0.348394(30) 0.511048 −18.9(1.0) 17
MAD 2012.09.13 0.0813(17) 2.1 0.511320(60) 0.348401(52) 0.511062 −18.6(1.2) 12
MAD 2012.09.16 0.0817(22) 2.7 0.511338(48) 0.348412(26) 0.511078 −18.3(0.9) 18
MAD Mean 0.0811(17) 2.2 0.511322(53) 0.348402(30) 0.511064(53) −18.5(1.0) 154
Otter Lake 2011.11.04 0.0824(26) 3.2 0.511940(39) 0.348416(31) 0.511447 −0.25(0.86) 64
Otter Lake 2011.11.05 0.0824(11) 1.3 0.511942(47) 0.348416(26) 0.511448 −0.23(0.88) 25
Otter Lake 2011.11.06 0.0819(13) 1.5 0.511940(44) 0.348416(42) 0.511450 −0.20(0.86) 30
Otter Lake 2011.11.07 0.0827(14) 1.7 0.511944(35) 0.348411(15) 0.511449 −0.22(0.78) 23
Otter Lake 2012.09.10 0.0834(20) 2.4 0.511946(62) 0.348411(20) 0.511447 −0.25(1.24) 23
Otter Lake 2012.09.11 0.0835(29) 3.5 0.511939(54) 0.348404(20) 0.511438 −0.42(0.99) 23
Otter Lake 2012.09.12 0.0824(11) 1.4 0.511940(38) 0.348402(24) 0.511446 −0.27(0.75) 20
Otter Lake 2012.09.13 0.0824(30) 3.6 0.511940(36) 0.348409(24) 0.511446 −0.27(0.52) 11
Otter Lake 2012.09.16 0.0830(14) 1.6 0.511950(27) 0.348412(20) 0.511453 −0.13(0.62) 17
Otter Lake Mean 0.0827(21) 2.5 0.511942(45) 0.348411(28) 0.511447(45) −0.25(0.88) 236
NW-1 2009.11.08 0.1013(09) 0.9 0.512119(34) 0.348387(20) 0.511348 +4.07(0.63) 20
NW-1 2010.10.09 0.1013(10) 0.9 0.512137(20) 0.348416(24) 0.511366 +4.42(0.33) 16
NW-1 2013.08.01 0.1000(12) 1.2 0.512095(31) 0.348412(19) 0.511333 +3.77(0.64) 19
NW-1 2013.08.02 0.1021(12) 1.2 0.512106(29) 0.348407(11) 0.511328 +3.68(0.53) 10
NW-1 Mean 0.1010(18) 1.7 0.512114(43) 0.348404(31) 0.511345(40) +4.01(0.78) 65
UWA-1 2013.08.01 0.1168(33) 2.9 0.512295(24) 0.348417(23) 0.510712 +14.5(0.7) 18
UWA-1 2013.08.02 0.1195(25) 2.1 0.512291(25) 0.348422(26) 0.510672 +13.7(0.7) 10
UWA-1 2013.08.04 0.1214(28) 2.3 0.512308(52) 0.348409(34) 0.510662 +13.5(1.6) 24
UWA-1 2013.08.05 0.1211(30) 2.5 0.512314(66) 0.348407(50) 0.510673 +13.7(1.4) 21
UWA-1 Mean 0.1199(48) 4.0 0.512304(51) 0.348412(37) 0.510679(74) +13.9(1.5) 73
Mud Tank 2014.01.15 0.1012(04) 0.4 0.512361(111) 0.348386(64) 0.512054 +0.25(2.15) 15
McClure Mountain 2014.01.15 0.0696(72) 10 0.512246(80) 0.348394(43) 0.512007 +0.86(1.62) 15
SDG 2014.01.15 0.0721(04) 0.5 0.510948(46) 0.348405(22) 0.510188 −7.41(0.90) 20

Bold data indicate the mean value of corresponding item for apatite reference materials.
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(McDowell et al., 2005). It is a widely used and distributed apatite refer-
encematerial, and is extensively used in apatite fission track dating, ap-
atite (U–Th)/He dating and apatite electron microprobe analyses
around theworld. Its chemical composition is well established although
some variations have been documented (Frei et al., 2005; Trotter and
Eggins, 2006; Morishita et al., 2008). Recently, Chew et al. (2011,
2014) used it as a potential secondary reference material for LA-ICP-
MS U–Th–Pb apatite dating. In this study, a reference age of 31 Ma is
adopted to correct for radiogenic ingrowth of 143Nd (Zhou, 2013).

To date, of the eleven apatite reference materials considered in this
study, only Sr and Nd isotope compositions of AP1, AP2 and Durango ap-
atite have been previously analyzed by solution and laser ablation



Fig. 1. Chondrite-normalized REE distribution patterns (a) and mantle-normalized pat-
terns or “spidergrams” (b) of the apatite reference materials analyzed in this study. Nor-
malization values for both primitive mantle and chondrite are from McDonough and
Sun (1995).
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techniques (Table 5). McFarlane and McCulloch (2008) obtained a mean
87Sr/86Sr ratio of 0.70629 ± 2 (2SD) for Durango apatite by TIMS, and a
mean 87Sr/86Sr value of 0.70638±13 (2SD, n=8) by LA-MC-ICP-MS. Re-
cently, Hou et al. (2013) obtained a mean 87Sr/86Sr ratio of 0.70629 ± 9
(2SD, n = 27) for Durango apatite by LA-MC-ICP-MS using an 80 μm
laser spot size, and a TIMS mean 87Sr/86Sr ratio of 0.70634 ± 3
(2SD, n = 6).

Nd isotopic data for Durango apatite have been reported by four lab-
oratories since 2006 using either solution-based or laser ablation tech-
niques (Table 6). Foster and Vance (2006) first reported a mean
143Nd/144Nd ratio of 0.512483 ± 4 (2SD, n = 4) and a 147Sm/144Nd
value of 0.0867 ± 1(2SD, n = 4) based on analysis of four separate ali-
quots by solutionmodeMC-ICP-MS. Subsequently, Fisher et al. (2011b)
obtained amean 143Nd/144Nd ratio of 0.512489±12 (2SD, n=8) and a
147Sm/144Nd ratio of 0.0751 ± 25 (2SD, n = 8) by solution mode MC-
ICP-MS, with one outlier of 0.512459 ± 6 (2σm) excluded. Recently,
Hou et al. (2013) presented a mean 143Nd/144Nd ratio of 0.512487 ±
13 (2SD, n = 6) and a 147Sm/144Nd ratio of 0.0865 ± 17 (2SD, n = 6)
by ID-TIMS, and obtained 143Nd/144Nd and 147Sm/144Nd ratios of
0.512498 ± 25 (2SD, n = 25) and 0.0852 ± 10 (2SD, n = 25), respec-
tively using LA-MC-ICP-MS. More recently, Kimura et al. (2013a)
reported a mean 143Nd/144Nd ratio of 0.512490 ± 18 (2SD, n = 15)
and a 147Sm/144Nd ratio of 0.0811 ± 21 (2SD, n = 15) by LA-MC-ICP-
MS.

In this study we obtained four Durango apatite reference materials
from four colleagues (D.M. Chew, C.M. Fisher, W.L. Griffin and K. J. Hou).
The Durango_Chew apatite in this study is 3.0 cm × 1.5 cm × 1.0 cm
while all others are small grains. Therefore, we conducted both solution
and laser ablation analyses on the Durango_Chew apatite while we used
the other three Durango apatite samples for laser ablation analyses only.
The homogeneity of the four Durango apatite reference materials is
discussed in the following section.

REE analyses indicate that Durango_Chew is LREE enriched with a
moderate negative Eu anomaly (Fig. 1a). During a two-year period, LA-
MC-ICP-MS analyses of Durango_Hou yielded 87Sr/86Sr ratios ranging
from 0.70632 ± 14 (2SD, n = 55) to 0.70640 ± 13 (2SD, n = 16) with
an average value of 0.70634±14 (2SD, n=156) (Table 2), which is con-
sistent with the 87Sr/86Sr value of 0.706328 ± 23 (2SD, n = 13) from
solution-based (TIMS and MC-ICP-MS) analyses of Durango _Chew
(Fig. 3a). In contrast, the corresponding mean 84Sr/86Sr and 84Sr/88Sr of
0.0556 ± 10 (2SD, n = 156) and 0.00664 ± 12 (2SD, n = 156) of
Durango_Hou (Table 2) are significantly lower than the published values
of 0.0565 and 0.00675 because this samplewas particularly susceptible to
inaccurate isobaric interference corrections because of its low Sr and high
HREE contents (Bizzarro et al., 2003; Ramos et al., 2004;Woodhead et al.,
2005; McFarlane and McCulloch, 2008; Wu et al., 2010a; Yang et al.,
2011a).

During a two-year period, LA-MC-ICP-MS analyses of Durango_Chew
indicate that this reference material is relatively homogeneous in
terms of its Nd isotopic composition. 143Nd/144Nd ratios range from
0.512467 ± 59 (2SD, n = 13) to 0.512500 ± 46 (2SD, n = 22) with an
average value of 0.512490 ± 46 (2SD, n = 191). Meanwhile, the 147Sm/
144Nd ratios varied from 0.0882 ± 23 (2SD, n = 22) to 0.0893 ±
5(2SD, n = 20) with an average value of 0.0885 ± 19 (2SD, n = 191)
(Fig. 3b, Table 3). To assess accurately the variation in the LA-MC-ICP-
MSNd isotopic analyses, tendifferent chips produced during the crushing
of a single large crystal of Durango Chew apatitewere selected at random
for solution mode MC-ICP-MS analyses. Our analyses yielded a mean
143Nd/144Nd of 0.512493 ± 21 (2SD, n = 11) (Table 3), which is in
good agreement with published solution MC-ICP-MS or ID-TIMS Nd iso-
topic data (Foster and Vance, 2006; Fisher et al, 2011b; Hou et al., 2013,
Table 6). The 147Sm/144Nd ratio of Durango_Chew apatite yielded a
mean value of 0.0881 ± 11 (2SD, n = 9), which is somewhat higher
than the published solution ICP-MS ratios of 0.0867, 0.0751 and 0.0865
(Foster and Vance, 2006; Fisher et al, 2011b; Hou et al., 2013, Table 6).
The mean 145Nd/144Nd ratio of 0.348405 ± 29 (2SD, n = 191) is consis-
tent with the recommended value of 0.348415 (Table 3). The corre-
sponding εNd(t) value for Durango_Chew apatite is −2.40 ± 0.44 (2SD,
n = 9), which is within uncertainty of the εNd(t) value of −2.45 ± 0.90
(2SD, n = 191) obtained by LA-MC-ICP-MS (Table 3, Fig. 3b).

3.3. MAD apatite

MAD (Madagascar apatite) is a large fragment of a blue gem quality
apatite crystal from the 1st Mine Discovery in Madagascar. ID-TIMS
analyses of four small crystal fragments of another crystal from the
same mine yielded a weighted 206Pb/238U age of 485.2 ± 0.8 Ma after
correction for common Pb (Thomson et al., 2012; Zhou, 2013). The crys-
tal fragments analyzed in this study have Sr, Nd and Sm concentrations
of ~1650, 1290 and 173 ppm and a reference age of ~485 Ma is used to
calculate for ingrowth of radiogenic Nd (Table 1). REE analyses by LA-
ICP-MS indicate that MAD apatite is LREE enriched, with a weak nega-
tive Eu anomaly similar to that of AP1 and AP2 apatite (Fig. 1a).

During a two-year period, LA-MC-ICP-MS analyses of MAD apatite
yielded 87Sr/86Sr ratios that ranged from 0.71177 ± 9 (2SD, n = 26)
to 0.71186 ± 14 (2SD, n = 20) with an average value of 0.71180 ±
11 (2SD, n = 112) (Table 2), which is consistent with the TIMS and



Table 4
Sr and Nd isotopic data of the apatite reference materials using solution method in this study.

Apatites Sr [ppm] 87Sr/86Sr
(±2σm)

Sm [ppm] Nd [ppm] [147Sm/144Nd]m [143Nd/144Nd]m
(±2σm)

[143Nd/144Nd]i εNd(t)

AP1 (475 Ma)
1⁎ 2470 0.711390(12) 208 1513 0.0831 0.511381(07) 0.511122 −17.6
2⁎ 2633 0.711365(12) 208 1521 0.0828 0.511344(08) 0.511086 −18.4
3⁎ 2537 0.711376(19) 209 1523 0.0830 0.511348(08) 0.511090 −18.3
4⁎ 2608 0.711394(14) 219 1580 0.0836 0.511369(07) 0.511109 −17.9
5⁎ 0.711382(18) 0.511357(16)
6 0.711358(18) 213 1570 0.0820 0.511341(09) 0.511086 −18.4
7 0.711382(21) 213 1571 0.0820 0.511341(09) 0.511086 −18.4
8 0.711355(21) 210 1551 0.0819 0.511345(08) 0.511090 −18.3
9a 0.711381(22) 216 1589 0.0822 0.511347(09) 0.511091 −18.3
9b⁎⁎ 0.711353(18)
10 0.711354(13) 208 1526 0.0825 0.511356(07) 0.511100 −18.1
11 0.711345(15) 210 1548 0.0820 0.511348(08) 0.511093 −18.2
12a 0.711375(17) 0.511352(09)
12b⁎⁎ 0.711359(18)
Mean (±2SD) 2562(147) 0.711370(31) 211(7) 1549(55) 0.0825(12) 0.511352(24) 0.511095 −18.2(0.5)

AP2 (475 Ma)
1⁎ 643 0.726522(12) 192 1522 0.0762 0.511022(08) 0.510785 −24.2
2⁎ 622 0.726543(21) 190 1500 0.0765 0.510984(09) 0.510746 −25.0
3⁎ 646 0.726555(21) 178 1410 0.0762 0.510987(08) 0.510750 −24.9
4⁎ 0.726592(20) 0.510982(24)
5 0.726543(19) 178 1404 0.0764 0.511010(06) 0.510772 −24.5
6 0.726537(23) 177 1399 0.0764 0.511018(07) 0.510780 −24.3
7 0.726541(20) 183 1445 0.0764 0.511014(08) 0.510776 −24.4
8 0.726495(21) 181 1436 0.0763 0.511026(06) 0.510789 −24.2
9 0.726543(18) 177 1408 0.0761 0.511012(10) 0.510775 −24.4
10a 0.726555(21) 178 1405 0.0765 0.511013(08) 0.510775 −24.4
10b⁎⁎ 0.726527(18)
11 0.726561(23) 181 1435 0.0764 0.511013(10) 0.510775 −24.4
12 0.726538(19) 0.511003(12)
Mean (±2SD) 637(26) 0.726542(45) 181(11) 1436(86) 0.0764(2) 0.511007(30) 0.510769 −24.5(0.5)

Durango Chew (31 Ma)
1a 0.706304(14) 238 1635 0.0882 0.512495(07) 0.512477 −2.36
1b⁎⁎ 0.706342(20)
2 0.706327(17) 242 1648 0.0886 0.512501(11) 0.512483 −2.24
3a 0.706324(20) 243 1655 0.0887 0.512472(22) 0.512454 −2.82
3b⁎⁎ 0.706342(20)
4 0.706312(15) 240 1640 0.0884 0.512481(09) 0.512464 −2.63
5 0.706337(24) 252 1731 0.0881 0.512492(08) 0.512474 −2.41
6 0.706336(16) 234 1602 0.0882 0.512508(08) 0.512490 −2.12
7 0.706332(15) 246 1702 0.0874 0.512504(07) 0.512486 −2.18
8 0.706331(19) 246 1690 0.0879 0.512496(10) 0.512479 −2.33
9 0.706330(13) 0.512497(08) 0.512497
10 0.706319(16) 0.512493(07) 0.512493
11 0.706336(16) 245 1698 0.0871 0.512484(12) 0.512496 −2.40
Mean (±2SD) 0.706328(23) 243(11) 1667(82) 0.0881(11) 0.512493(21) 0.512475 −2.40(0.44)

MAD (485 Ma)
1a 0.711778(18) 181 1337 0.0817 0.511343(09) 0.511083 −18.2
1b⁎⁎ 0.711785(18)
2 0.711793(20) 180 1330 0.0817 0.511357(09) 0.511098 −17.9
3a 0.711796(27) 183 1348 0.0823 0.511350(11) 0.511089 −18.1
3b⁎⁎ 0.711814(18)
4a 0.711787(27) 172 1269 0.0817 0.511353(08) 0.511093 −18.0
4b⁎⁎ 0.711818(20)
5 0.711791(25) 179 1325 0.0816 0.511358(08) 0.511098 −17.9
6 0.711798(20) 0.511349(08)
7 0.711814(16) 0.511339(07)
8 0.711800(17) 0.511337(09)
Mean (±2SD) 0.711798(26) 179(9) 1322(61) 0.0818(5) 0.511348(16) 0.511088 −18.1(0.3)

Otter Lake (913 Ma)
1 0.704190(26) 514 3781 0.0821 0.511935(09) 0.511444 −0.32
2a 0.704185(13) 485 3550 0.0826 0.511946(08) 0.511451 −0.17
2b⁎⁎ 0.704204(18)
3 0.704197(24) 499 3650 0.0826 0.511941(08) 0.511446 −0.27
4 0.704172(15) 485 3548 0.0826 0.511936(10) 0.511441 −0.37
5a 0.704160(22) 488 3590 0.0823 0.511945(09) 0.511452 −0.16
5b⁎⁎ 0.704184(20)
6a 0.704197(14) 0.511942(08)
6b⁎⁎ 0.704200(18)
7 0.704190(11) 0.511935(09)
Mean (±2SD) 0.704188(27) 494(25) 3624(195) 0.0824(4) 0.511940(09) 0.511446 −0.27(0.18)
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Table 4 (continued)

Apatites Sr [ppm] 87Sr/86Sr
(±2σm)

Sm [ppm] Nd [ppm] [147Sm/144Nd]m [143Nd/144Nd]m
(±2σm)

[143Nd/144Nd]i εNd(t)

NW-1 (1160 Ma)
1 0.702507(19) 611 3640 0.1015 0.512112(09) 0.511339 +3.90
2a 0.702492(17) 608 3628 0.1012 0.512100(10) 0.511329 +3.70
2b⁎⁎ 0.702509(20)
3 0.702497(19) 615 3648 0.1018 0.512111(10) 0.511335 +3.82
4a 0.702505(19) 590 3514 0.1014 0.512105(10) 0.511332 +3.76
4b⁎⁎ 0.702509(20)
5 0.702487(12) 604 3613 0.1011 0.512103(09) 0.511333 +3.78
6a 0.702495(10) 0.512099(07)
6b⁎⁎ 0.702515(20)
7 0.702507(14) 650 3875 0.1013 0.512108(09) 0.511337 +3.84
8 0.702515(14) 625 3746 0.1008 0.512097(09) 0.511330 +3.71
Mean (±2SD) 0.702504(19) 614(38) 3666(229) 0.1013(6) 0.512104(11) 0.511333 +3.77(0.14)

Slyudyanka (460 Ma)
1a 0.707690(18)
1b⁎⁎ 0.707680(20)
2a 0.707680(21)
2b⁎⁎ 0.707683(20)
3 0.707688(19)
4 0.707667(12)
5 0.707704(16)
6a 0.707669(15)
6b⁎⁎ 0.707666(32)
7 0.707695(20)
8 0.707693(19)
Mean (±2SD) 0.707683(25)

UWA-1 (2058 Ma)
1 0.704744(17) 738 3722 0.1198 0.512294(08) 0.510671 +13.7
2 0.704751(23) 758 3850 0.1191 0.512285(09) 0.510672 +13.7
3 0.704742(14) 762 3903 0.1181 0.512284(10) 0.510684 +13.9
4 0.704749(21) 768 3913 0.1187 0.512279(08) 0.510671 +13.7
5 0.704755(16) 787 4011 0.1187 0.512289(08) 0.510681 +13.9
6 0.704760(30) 762 3915 0.1177 0.512287(07) 0.510691 +14.1
7 0.704736(19) 0.512284(11)
Mean (±2SD) 0.704748(17) 763(32) 3886(191) 0.1187(14) 0.512286(09) 0.510678 +13.8(0.3)

Mud Tank (460 Ma)
1 0.703031(16) 92 552 0.1004 0.512383(08) 0.512079 +0.73
2 0.702996(14) 97 592 0.0991 0.512375(08) 0.512075 +0.73
3 0.703010(13) 94 561 0.1009 0.512388(07) 0.512082 +0.73
4 0.703013(12) 94 562 0.1009 0.512391(10) 0.512085 +0.73
5 0.703004(15) 93 558 0.1010 0.512388(08) 0.512082 +0.73
Mean (±2SD) 0.703011(26) 94(4) 565(31) 0.1005(16) 0.512385(13) 0.512080 +0.76(0.16)

McClure Mountain (523.5 Ma)
1 0.703705(33) 98 825 0.0715 0.512289(07) 0.512044 +1.58
2 0.703687(14) 98 825 0.0715 0.512289(07) 0.512039 +1.47
3 0.703684(13) 98 835 0.0708 0.512289(07) 0.512032 +1.34
4 0.703694(15) 98 835 0.0708 0.512289(07) 0.512037 +1.44
5 0.703690(15) 102 861 0.0716 0.512289(07) 0.512038 +1.47
Mean (±2SD) 0.703692(16) 99(4) 836(29) 0.0712(8) 0.512282(11) 0.512038 +1.46(0.17)

SDG (1602 Ma)
1 0.703012(14) 989 8282 0.0722 0.510907(05) 0.510146 −8.23
2 0.703001(14) 974 8136 0.0723 0.510921(09) 0.510159 −7.98
3 0.703010(13) 973 8137 0.0723 0.510917(10) 0.510156 −8.05
4 0.703002(24) 994 8466 0.0710 0.510924(06) 0.510176 −7.64
5 0.702997(16) 969 8176 0.0717 0.510923(10) 0.510168 −7.80
Mean (±2SD) 0.703004(13) 980(22) 8239(280) 0.0719(11) 0.510918(14) 0.510161 −7.94(0.46)

⁎Measured by IsoProbe-T TIMS, ⁎⁎measured by Triton Plus TIMS and others measured by Neptune MC-ICP-MS.
a and bmeans the Sr fraction after standard cation and Sr-Specific resin is divided to two aliquots, inwhich a aliquot's Sr isotopic ratiomeasured by NeptuneMC-ICP-MS and b aliquot's Sr
isotopic ratio measured by Triton Plus TIMS.
Measured Sr and Nd isotopic ratios are normalized to the following recommended values: NBS 987 87Sr/86Sr = 0.710250 (Thirlwall, 1991) and JNdi-1 143Nd/144Nd = 0.512110, equiv-
alent to La Jolla 143Nd/144Nd Value of 0.51185.
Initial isotope ratios calculated for the standard apatite recommended age value, which are the numbers in parentheses after standard apatite name in the first column.
Calculated using 147Sm decay constant of 6.54 × 10−12 a−1 (Lugmair and Marti, 1978); [143Nd/144Nd]CHUR = 0.512638 (Goldstein et al., 1984) and [147Sm/144Nd]CHUR = 0.1967
(Jacobsen andWasserburg, 1980).
Bold data indicate the mean value of corresponding item for apatite reference materials.
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MC-ICP-MS average value of 0.711798 ± 26 (2SD, n = 8) (Table 4,
Fig. 3c). The 87Sr/86Sr data in different analytical sessions are consistent
within analytical uncertainty. Furthermore, the corresponding mean
84Sr/86Sr and 84Sr/88Sr ratios of 0.0565 ± 5 (2SD, n = 112) and
0.00675 ± 6 (2SD, n = 112) agree well with published values
(Bizzarro et al., 2003; Ramos et al., 2004; Woodhead et al., 2005; Yang
et al., 2011a) (Table 2).

143Nd/144Nd data for MAD apatite ranged from 0.511308 ± 51
(2SD, n = 17) to 0.511338 ± 48 (2SD, n = 18) with an average
value of 0.511322 ± 53 (2SD, n = 154). 147Sm/144Nd ratios varied



Fig. 2.Measured 87Sr/86Sr, 147Sm/144Nd and 143Nd/144Nd isotopic ratios determined by LA-MC-ICP-MS and compared to solution data for apatite crystals AP1 (a, b) and AP2 (c, d). Error
bars for individual analyses are 2S.E. (2 standard in-run errors). Relative standard deviation (RSD) is used to evaluate the range of variation in 147Sm/144Nd.We selected AP1 as Sr isotope
reference material and AP2 as a Nd isotope external reference material for subsequent analytical sessions.
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from 0.0805 ± 6 (2SD, n = 60) to 0.0819 ± 17 (2SD, n = 17) with an
average value of 0.0811 ± 17 (2SD, n = 154). The 145Nd/144Nd ratio
of 0.348402 ± 30 (2SD, n = 154) is consistent with the published
value of 0.348415 (Wasserburg et al., 1981; Liu et al., 2012) (Table 3).
In order to assess the accuracy of the LA-MC-ICP-MS results, eight differ-
ent chips derived from crushing a larger fragment of a crystal of MAD
apatite were selected at random for solution mode MC-ICP-MS
analyses (Table 4), yielding a mean 143Nd/144Nd ratio of 0.511348 ±
16 (2SD, n = 8) (Fig. 3d) and a 147Sm/144Nd ratio of 0.0818 ± 5 (2SD,
n = 5). These solution-based data are within analytical uncertainty of
the LA-MC-ICP-MS values. The corresponding εNd(t) value for MAD apa-
tite is−18.1 ± 0.3 (2SD, n = 5) for the solution-based analyses which
is with analytical uncertainty of the LA-MC-ICP-MS value of −18.5 ±
1.0 (2SD, n = 154) (Table 4, Fig. 3d).

3.4. Otter Lake apatite

The Otter Lake area, Québec, Canada, is located north of the Bancroft
domain within the Grenville Province. The rocks of the Otter Lake area
comprise marbles, gneisses, amphibolites, and skarns that underwent
upper-amphibolite-facies metamorphism at temperatures and pres-
sures of 650 to 700 °C and 6.5–7 kbar in connection with the Elzevirian
and Ottowan phases of the Grenville orogeny (Kretz et al., 1999; Barfod
et al., 2005). Pb stepwise leaching analyses and bulk dissolutions of a
single apatite crystal in calcite from Yates Mine, Otter Lake yield a
207Pb/204Pb–206Pb/204Pb isochron age of 913± 7Ma,which is the refer-
ence age adopted in this study (Barfod et al., 2005; Chew et al., 2011).
The Sr, Sm and Nd concentration estimates by LA-ICP-MS are 1668,
445 and 3205 ppm respectively (Table 1). REE analysis indicates that
Otter Lake is LREE enriched with a slight negative Eu anomaly (Fig. 1a).

During a two-year period, LA-MC-ICP-MS analyses of Otter Lake ap-
atite yielded 87Sr/86Sr ratios that ranged from 0.70419± 5 (2SD, n= 8)
to 0.70424 ± 15 (2SD, n = 9) with an average value of 0.70421 ± 12
(2SD, n = 117) (Table 2), which is consistent with the TIMS and solu-
tion MC-ICP-MS average value of 0.704188 ± 27 (2SD, n = 7)
(Table 4, Fig. 3e). The 87Sr/86Sr data from different analytical sessions
are consistent within analytical uncertainty. The mean 84Sr/86Sr and
84Sr/88Sr ratios of 0.0566 ± 10 (2SD, n = 117) and 0.00676 ± 11
(2SD, n = 117) agree well with the recommended values of 0.0565
and 0.00675 (Bizzarro et al., 2003; Ramos et al., 2004; Woodhead
et al., 2005; Yang et al., 2011a) (Table 2).

143Nd/144Nd data of Otter Lake apatite ranged from 0.511940 ± 44
(2SD, n = 30) to 0.511950 ± 27 (2SD, n = 17) with an average value
of 0.511942 ± 45 (2SD, n = 236), while the 147Sm/144Nd ratios ranged



Table 5
Compilations of Sr concentration and isotopic composition of the apatite reference materials.

Apatites Sr [ppm]
(±2SD)

87Sr/86Sr
(±2SD)

Methods References

AP1 2582(23) 0.71137(07) LA-MC-ICP-MS Yang et al., 2009b
0.71138(02) Sol.-MC-ICP-MS Yang et al., 2009b
0.71136(09) LA-MC-ICP-MS Hou et al., 2013

2506 0.71136(08) LA-MC-ICP-MS This study
2562(147) 0.71137(03) Solution method This study

AP2 596(5) 0.72652(10) LA-MC-ICP-MS Yang et al., 2009b
0.72655(02) Sol.-MC-ICP-MS Yang et al., 2009b

591 0.72654(16) LA-MC-ICP-MS This study
637(26) 0.72654(05) Solution method This study

Durango 475(11) 0.70638(13) LA-MC-ICP-MS McFarlane and McCulloch, 2008
0.70629(02) TIMS McFarlane and McCulloch, 2008
0.70629(09) LA-MC-ICP-MS Hou et al., 2013

483 0.70634(03) TIMS Hou et al., 2013
475(12) LA-ICP-MS Simonetti et al., 2008
480(14) Sol. ICP-MS Simonetti et al., 2008

462 LA-ICP-MS Trotter and Eggins, 2006
475(11) Sol. ICP-MS Trotter and Eggins, 2006

0.70633(01) TIMS Horstwood et al., 2008
486 0.70634(14) LA-MC-ICP-MS This study

0.70633(02) Solution method This study
MAD 0.71180(11) LA-MC-ICP-MS This study

1650 0.71180(03) Solution method This study
Otter Lake 0.70421(12) LA-MC-ICP-MS This study

1668 0.70419(03) Solution method This study
NW-1 0.70248(08) LA-MC-ICP-MS This study

5512 0.70250(02) Solution method This study
Slyudyanka 1231 0.70769(15) LA-MC-ICP-MS This study

0.70768(03) Solution method This study
UWA-1 0.70475(02) Solution method This study
Mud Tank 2681 0.70302(08) LA-MC-ICP-MS This study

0.70301(03) Solution method This study
McClure Mountain 3422 0.70371(07) LA-MC-ICP-MS This study

0.70369(02) Solution method This study
SDG 11368 0.70298(16) LA-MC-ICP-MS This study

0.70300(01) Solution method This study
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from 0.0819 ± 13 (2SD, n = 30) to 0.0835 ± 29 (2SD, n = 23) with an
average value of 0.0827 ± 21 (2SD, n = 236). The mean 145Nd/144Nd
ratio of 0.348411 ± 28 (2SD, n = 236) is consistent with the published
value of 0.348415 (Wasserburg et al., 1981; Liu et al., 2012) (Table 3). In
order to assess the accuracy of the LA-MC-ICP-MS results, seven differ-
ent chips derived from crushing a crystal of Otter Lake apatite were se-
lected at random for solution mode MC-ICP-MS (Table 4), yielding a
mean 143Nd/144Nd ratio of 0.511940 ± 10 (2SD, n = 7) (Fig. 3f) and a
147Sm/144Nd ratio of 0.0824 ± 4 (2SD, n = 5). These data are in very
good agreement with the LA-ICP-MS results. The corresponding εNd(t)
value for Otter Lake apatite is −0.27 ± 0.18 (2SD, n = 5), which is
very similar to the LA-MC-ICP-MS value of −0.25 ± 0.88 (2SD, n =
236) (Table 4, Fig. 3f). The close agreement between the solution-
based and LA-MC-ICP-MS analyses and the homogeneity in terms of
its Sr and Sm–Nd isotopic compositions suggests that Otter Lake apatite
is a promising reference material for in situ Sr or Nd analyses.

3.5. NW-1 apatite

NW-1 apatite was extracted from a carbonatite collected from the
Prairie Lake alkaline carbonatite complex in Ontario, Canada, where
the PRAP apatite reference material was collected (Sano et al., 1999;
Wu et al., 2010a,b,c; Li et al., 2012; Zhou, 2013). There have been
many geochronological investigations conducted on this complex over
the years. As noted by Li et al. (2012), the best estimate for the U–Th–
Pb age of NW-1 apatite is 1160 ± 5 Ma, which is the reference age
adopted in this study. The Sr, Sm and Nd concentration estimates by
LA-ICP-MS are 5512, 582 and 3468 ppm respectively (Table 1). NW-1
is LREE enriched and is unique among the reference apatite materials
examined in this study in that it does not exhibit an Eu anomaly
(Fig. 2a).

During the course of five LA-MC-ICP-MS sessions, the 87Sr/86Sr ratios
of NW-1 apatite varied from 0.70246± 7 (2SD, n= 19) to 0.70249± 9
(2SD, n = 20) with an average value of 0.70248 ± 8 (2SD, n = 87)
(Table 2), which is consistent with the TIMS and solution MC-ICP-MS
average value of 0.702504 ± 19 (2SD, n = 11) (Table 4, Fig. 4a). The
87Sr/86Sr data from different analytical sessions are consistent with
each other within analytical uncertainty. The mean 84Sr/86Sr and 84Sr/
88Sr ratios of 0.0564 ± 4 (2SD, n = 87) and 0.00674 ± 4 (2SD, n =
87), respectively, agree well with the recommended values of 0.0565
and 0.00675 (Bizzarro et al., 2003; Ramos et al., 2004; Woodhead
et al., 2005; Yang et al., 2011c, 2012) (Table 2).

143Nd/144Nd ratios of NW-1 apatite varied from 0.512095 ± 31
(2SD, n = 19) to 0.512137 ± 10 (2SD, n = 16) over the course of
four analytical sessions, while the 147Sm/144Nd varied from 0.1000 ±
12 (2SD, n = 19) to 0.1013 ± 10 (2SD, n = 16). The mean 145Nd/
144Nd ratio of 0.348404±31 (2SD, n=65) is consistentwith published
values (Table 3). Additionally, eight aliquots derived from crushing a
single large crystal of NW-1 apatite were selected at random for solu-
tion analyses, yielding a mean 143Nd/144Nd ratio of 0.512104 ± 11
(2SD, n = 8) (Table 4, Fig. 4b) and a mean 147Sm/144Nd value of
0.1013 ± 6 (2SD, n = 7). The corresponding εNd(t) value for NW-1 ap-
atite is + 3.77 ± 0.14 (2SD, n = 7), which is within uncertainty of
LA-MC-ICP-MS value of + 4.01 ± 0.78 (2SD, n = 65) (Table 3,
Fig. 4b). There is close agreement between the solution-based and LA-
MC-ICP-MS analyses, while NW-1 apatite appears relatively homoge-
nous in terms of its Sr and Sm–Nd isotopic compositions and hence
could make a promising reference material for in situ Sr or Nd analyses.



Table 6
Compilations of Sm, Nd concentration, Sm–Nd isotopic data and corresponding initial epsilon Nd of the apatite reference materials.

Apatites Sm
(±2SD)
[ppm]

Nd
(±2SD)
[ppm]

[147Sm/144Nd]m
(±2SD)

[143Nd/144Nd]m
(±2SD)

[143Nd/144Nd]i εNd(t)
(±2SD)

Methods References

AP1
(475 Ma)

206(5) 1581(43) 0.0866(05) 0.511342(31) 0.511073 −18.6(0.6) LA-MC-ICP-MS Yang et al., 2008
0.511334(25) Sol.-MC-ICP-MS Yang et al., 2008

0.0867(10) 0.511360(25) 0.511090 −18.3(0.5) LA-MC-ICP-MS Hou et al., 2013
205 1501 0.0822(14) 0.511349(38) 0.511094 −18.2(0.8) LA-MC-ICP-MS This study
211(7) 1549(55) 0.0825(12) 0.511352(24) 0.511095 −18.2(0.5) Solution method This study

AP2
(475 Ma)

180(4) 1495(34) 0.0794(13) 0.510977(39) 0.510730 −25.3(0.7) LA-MC-ICP-MS Yang et al., 2008
0.510985(08) Sol.-MC-ICP-MS Yang et al., 2008

178 1435 0.0761(11) 0.511008(42) 0.510771 −24.5(0.8) LA-MC-ICP-MS This study
181(11) 1436(86) 0.0764(02) 0.511007(30) 0.510769 −24.5(0.5) Solution method This study

Durango
(31 Ma)

229(47) 1598(325) 0.0867(07) 0.512483(04) 0.512465 −2.59(0.08) Sol.-MC-ICP-MS Foster and
Vance, 2006

0.0752(10) 0.512470(32) 0.512455 −2.80(0.62) LA-MC-ICP-MS Foster and
Vance, 2006

0.0871(10) 0.512466(13) 0.512448 −2.92(0.25) LA-MC-ICP-MS Foster and
Vance, 2006

127(3.3) 1040(29) 0.0763(14) 0.512449(10) 0.512434 −3.21(0.20) LA-MC-ICP-MS McFarlane and
McCulloch, 2008

0.0765(05) 0.512469(16) 0.512453 −2.82(0.31) LA-MC-ICP-MS McFarlane and
McCulloch, 2008

0.0751(25) 0.512489(12) 0.512474 −2.43(0.23) Sol.-MC-ICP-MS Fisher et al., 2011b
0.0785(58) 0.512463(48) 0.512447 −2.95(0.94) LA-MC-ICP-MS Fisher et al., 2011b
0.0852(10) 0.512498(25) 0.512481 −2.29(0.49) LA-MC-ICP-MS Hou et al., 2013

224(5) 1568(24) 0.0865(17) 0.512487(13) 0.512469 −2.51(0.25) TIMS Hou et al., 2013
0.0811(21) 0.512490(18) 0.512474 −2.43(0.35) LA-MC-ICP-MS Kimura et al., 2013a
0.0885(19) 0.512490(46) 0.512472 −2.45(0.90) LA-MC-ICP-MS This study

243(11) 1667(82) 0.0881(11) 0.512493(21) 0.512475 −2.40(0.44) Sol.-MC-ICP-MS This study
MAD
(485 Ma)

0.0811(17) 0.511322(53) 0.511064 −18.5(1.0) LA-MC-ICP-MS This study
182(9) 1322(61) 0.0818(05) 0.511348(16) 0.511088 −18.1(0.3) Sol.-MC-ICP-MS This study

Otter Lake
(913 Ma)

0.0827(21) 0.511942(45) 0.511447 −0.25(0.88) LA-MC-ICP-MS This study
494(25) 3624(195) 0.0824(04) 0.511940(09) 0.511446 −0.27(0.18) Sol.-MC-ICP-MS This study

NW-1
(1160 Ma)

0.1010(18) 0.512114(43) 0.511345 +4.01(0.78) LA-MC-ICP-MS This study
614(38) 3666(109) 0.1013(06) 0.512104(11) 0.511333 +3.77(0.14) Sol.-MC-ICP-MS This study

UWA-1
(2058 Ma)

0.1199(48) 0.512304(51) 0.510679 +13.9(1.5) LA-MC-ICP-MS This study
763(32) 3886(191) 0.1187(14) 0.512286(09) 0.510678 +13.8(0.3) Sol.-MC-ICP-MS This study

Mud Tank
(460 Ma)

0.1012(04) 0.512361(111) 0.512054 +0.25(2.15) LA-MC-ICP-MS This study
94(4) 565(31) 0.1005(16) 0.512385(13) 0.512080 +0.76(0.16) Sol.-MC-ICP-MS This study

McClure Mountain
(523.5 Ma)

0.0696(72) 0.512246(80) 0.512007 +0.86(1.62) LA-MC-ICP-MS This study
99(4) 836(29) 0.0712(08) 0.512282(11) 0.512038 +1.46(0.17) Sol.-MC-ICP-MS This study

SDG
(1602 Ma)

0.0721(04) 0.510948(46) 0.510188 −7.41(0.90) LA-MC-ICP-MS This study
980(22) 8239(280) 0.0719(11) 0.510918(14) 0.510161 −7.94(0.46) Sol.-MC-ICP-MS This study
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3.6. Slyudyanka apatite

The Slyudyanka complex is a granulite-facies supracrustal sequence
that crops out on the southwest coast of Lake Baikal. The Slyudyanka
complex is dominated by metamorphosed siliceous–carbonate phos-
phorites, which are composed of apatite (from 1–2 to 60 wt.%), quartz,
diopside, calcite, forsterite and dolomite with minor retrograde tremo-
lite (Reznitskii et al., 1998, 1999, 2000).

The Slyudyanka apatite investigated in this study (3.0 cm × 2.0 cm ×
1.0 cm) was also supplied by D.M. Chew. The Sr, Sm and Nd concentra-
tion estimates by LA-ICP-MS are 1231, 10 and 53 ppm respectively
(Dempster et al., 2003). Slyudyanka is LREE enriched with a slight neg-
ative Eu anomaly (Fig. 1a). Given its low REE contents, only Sr isotopic
measurements were undertaken in this study (Fig. 4c). The 87Sr/86Sr
data ranged from 0.70766 ± 13 (2SD, n = 20) to 0.70773 ± 21 (2SD,
n = 13) in seven analytical sessions spread over a two-year period
with an average value of 0.70769 ± 15 (2SD, n = 110). The mean
84Sr/86Sr and 84Sr/88Sr ratios of 0.0565 ± 7 (2SD, n = 110) and
0.00675 ± 9 (2SD, n = 110) agree well with the published values of
0.0565 and 0.00675 (Bizzarro et al., 2003; Ramos et al., 2004;
Woodhead et al., 2005; Yang et al., 2011a) (Table 2). Additionally,
eight different chips produced during the crushing of a single large crys-
tal of Slyudyanka apatite were selected at random for analysis by TIMS
and solutionMC-ICP-MS. These analyses yielded amean 87Sr/86Sr value
of 0.707683 ± 25 (2SD, n = 11) (Table 4, Fig. 4c), which agrees well
with the data obtained using LA-MC-ICP-MS. The Slyudyanka apatite
appears to be a very promising candidate reference material for in situ
apatite Sr isotopic measurements.

3.7. UWA-1 apatite

UWA-1 is a fluorapatite from Bancroft, Ontario that is widely used as
an apatite U–Pb age referencematerial. It is also used as an apatite O iso-
tope reference material in many SIMS laboratories. Its 206Pb/238U and
207Pb/206Pb ages are 2058 Ma and 2071 Ma respectively, and the
206Pb/238U age of 2058 Ma is the reference age adopted in this study
(Zhou et al., 2007; Allen Kennedy, personal communication). The
UWA-1 apatite investigated in this study was provided by John Valley.
The Sr, Sm and Nd concentration estimates by LA-ICP-MS are 1186,
731 and 3747 ppm respectively. Though LREE enriched like the other
samples, the REE pattern of UWA-1 is nevertheless distinct, showing
less extreme LREE enrichment and the highest HREE levels of all of
other apatite reference materials (Fig. 1a). For solution MC-ICP-MS Sr
isotopic analyses, seven separate fragments of UWA-1 apatite were dis-
solved and separated using conventional ion chromatographymethods.
The Sr isotopic results obtained by MC-ICP-MS are listed in Table 4 and
yield an average 87Sr/86Sr value of 0.704748 ± 17 (2SD, n= 7). UWA-1
apatite is not suitable for in situ Sr isotopic analyses despite its relative
high Sr content (1186 ppm), because its high Er/Sr and Yb/Sr ratios
are particularly susceptible to inaccurate isobaric interference correc-
tions (Wu et al., 2010a). Four analytical sessions indicate that thismate-
rial is relatively inhomogeneous in terms of its Sm–Nd isotopic



Fig. 3. Summary of measured Sr and Sm–Nd isotopic data for Durango (a, b), MAD (c, d) and Otter Lake (e, f) apatites analyzed by LA-MC-ICP-MS in different analytical sessions and com-
pared to solution-based data. Compared to solution analyses, the laser analyses exhibit more scatter and larger uncertainties. Error bars (SE) are at the 2σ level of uncertainty.
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composition. Although 143Nd/144Nd ratios range from 0.512291 ± 25
(2SD, n = 10) to 0.512314 ± 66 (2SD, n = 21) there is larger scatter
in the corresponding 147Sm/144Nd ratios which range from 0.1168 ±
33 (2SD, n = 18) to 0.1211 ± 30 (2SD, n = 21). The mean 145Nd/
144Nd ratio of 0.348412 ± 37 (2SD, n = 73) is consistent with the rec-
ommended value of 0.348415 (Table 3). Additionally, Nd separated
from the seven fragments of UWA-1 mentioned above yielded a mean
143Nd/144Nd ratio of 0.512286 ± 09 (2SD, n = 7) (Table 4, Fig. 4d)
and a 147Sm/144Nd ratio of 0.1187 ± 14 (2SD, n = 6). The εNd(t) value
for UWA-1 apatite is + 13.8± 0.3 (2SD, n= 6), which is within analyt-
ical uncertainty of the εNd(t) value of+ 13.9± 1.5 (2SD, n=73) obtain-
ed by LA-MC-ICP-MS analyses (Table 3, Fig. 4d).



Fig. 4. Summary ofmeasured Sr and Sm–Nd isotopic data for NW-1 (a, b), Slyudyanka (c) and UWA-1 (d) apatites analyzed using LA-MC-ICP-MS in different analytical sessions and com-
pared to isotope-dilution MC-ICP-MS data. The laser analyses exhibit more scatter and larger uncertainties, while the solution method uncertainties are smaller than the symbols. Error
bars (SE) are at the 2σ level of uncertainty.
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3.8. Mud Tank apatite

Apatite megacrysts occur within the Mud Tank Carbonatite, in the
Strangways Ranges of the Northern Territory NE of Alice Srings,
Australia. A zircon U–Pb age of 732 ± 5 Ma and a whole-rock Rb–Sr
age of 735 ± 75 Ma has been reported by Black and Gulson (1978)
while younger Rb–Sr biotite ages between 319 and 349 Ma have been
interpreted as representing overprinting during the Alice Springs Orog-
eny (Haines et al., 2001). Large centimeter to decimeter-sizedMud Tank
apatite is found in the same deposit, and has been used as a calibration
reference material in (U–Th)/He and fission track dating (Green et al.,
2006; Spiegel et al., 2009). The Mud Tank apatite crystal investigated
in this study was supplied by Barry P. Kohn. The U–Pb age of ~460 Ma
for Mud Tank apatite is the reference age adopted in this study
(Thomson et al., 2012). The Sr, Sm and Nd concentration estimates by
LA-ICP-MS are 2681, 93 and 550 ppm respectively (Table 1). Mud
Tank is LREE enriched and does not exhibit a Eu anomaly (Fig. 1a).

One LA-MC-ICP-MS session yielded an 87Sr/86Sr ratio of 0.70302 ± 8
(2SD, n = 15) (Table 2), which is consistent with the solution mean
value of 0.70301±3 (2SD, n=5) offive chip aliquots selected at random
(Table 4, Fig. 5a). The mean 84Sr/86Sr and 84Sr/88Sr ratios of 0.0563 ± 4
(2SD, n = 15) and 0.00673 ± 5 (2SD, n = 15), respectively, agree well
with the recommended values of 0.0565 and 0.00675 (Bizzarro et al.,
2003; Ramos et al., 2004; Woodhead et al., 2005; Yang et al., 2011c,
2012) (Table 2).

The average 143Nd/144Nd ratio of Mud Tank apatite was 0.512361 ±
111 (2SD, n = 15) over the course of one LA-MC-ICP-MS session, while
the mean 147Sm/144Nd ratio was 0.1012 ± 4 (2SD, n = 15). The mean
145Nd/144Nd ratio of 0.348386 ± 64 (2SD, n = 15) is consistent with
published values (Table 3). Additionally, the five chip aliquots yielded
a mean 143Nd/144Nd ratio of 0.512385 ± 13 (2SD, n = 5) (Table 4,
Fig. 5b) and a mean 147Sm/144Nd value of 0.1005 ± 16 (2SD, n = 5).
The corresponding εNd(t) value for Mud Tank apatite is + 0.76 ± 0.16
(2SD, n = 5), which is within uncertainty of the LA-MC-ICP-MS value
of + 0.25 ± 2.15 (2SD, n = 15) (Table 3, Fig. 5b). There is close agree-
ment between the solution-based and LA-MC-ICP-MS analyses. Mud
Tank apatite appears to exhibit a relatively large spread in 143Nd/
144Nd ratios while the range in 87Sr/86Sr ratios is significantly smaller.



Fig. 5. Summary ofmeasured Sr and Sm–Nd isotopic data forMud Tank (a, b),McClureMountain (c, d) and SDG (e, f) apatites analyzed using LA-MC-ICP-MS indifferent analytical sessions
and compared to solution MC-ICP-MS data. The laser analyses are significantly scattered with larger uncertainties, while the solution method uncertainties are small than the symbols.
Error bars (SE) are at the 2σ level of uncertainty.
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Fig. 6. Er/Sr and Yb/Sr variation diagram showing the compositional range for obtaining
accurate Sr isotopic compositions for apatite using the LA-MC-ICP-MS method. The error
bars are significantly smaller than the symbols and are not shown.
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3.9. McClure Mountain apatite

The CambrianMcClureMountain syenite of Colorado is the source of
the widely used 40Ar/39Ar hornblende reference material MMhb-1. Ap-
atite from the McClure Mountain syenite occurs as small euhedral
grains of apatite varying from about 500 μm to less than 50 μm in
axial length. The U–Pb age of ~523.5 Ma (Schoene and Bowring, 2006)
for McClure Mountain apatite is the reference age adopted in our
work. The McClure Mountain apatite mineral separate investigated in
this study was also supplied by D.M. Chew and was originally collected
by Ray Donelick. The Sr, Sm and Nd concentration estimates by LA-ICP-
MS are 3422, 102 and 843 ppm respectively (Table 1). McClure Moun-
tain apatite is LREE enriched and exhibits a slight Eu positive anomaly
(Fig. 1a).

One LA-MC-ICP-MS session yielded an 87Sr/86Sr ratio of 0.70371± 7
(2SD, n = 13) (Table 2), which is consistent with the solution MC-ICP-
MS average value of 0.70369 ± 2 (2SD, n = 5) (Table 4, Fig. 5c). The
mean 84Sr/86Sr and 84Sr/88Sr ratios of 0.0563 ± 4 (2SD, n = 13) and
0.00673 ± 5 (2SD, n = 15), respectively, agree well with the recom-
mended values of 0.0565 and 0.00675 (Bizzarro et al., 2003; Ramos
et al., 2004; Woodhead et al., 2005; Yang et al., 2011c, 2012) (Table 2).

The mean 143Nd/144Nd ratio of McClure Mountain apatite was
0.512246±80 (2SD, n=15) over the course of one LA-MC-ICP-MS ses-
sion, while themean 147Sm/144Nd ratio was 0.0696± 72 (2SD, n= 15).
The mean 145Nd/144Nd ratio of 0.348394 ± 43 (2SD, n = 15) is consis-
tent with published values (Table 3). Additionally, five aliquots derived
from crushing grains of McClure Mountain apatite were selected at ran-
dom for solution analyses, yielding a mean 143Nd/144Nd ratio of
0.512282 ± 11 (2SD, n = 5) (Table 4, Fig. 5d) and a mean 147Sm/
144Nd value of 0.0712 ± 8 (2SD, n = 5). The corresponding εNd(t)
value for McClure Mountain apatite is +1.46 ± 0.17 (2SD, n = 5),
which is within uncertainty of the laser ablation value of +0.86 ±
1.62 (2SD, n= 15) (Table 3, Fig. 5d). McClureMountain apatite appears
to exhibit a relatively large spread in 143Nd/144Nd ratios while it has a
relatively homogeneous Sr isotopic composition.

3.10. SDG apatite

The SDG apatite reference material consists of pale yellow grains
that occur within an alkaline ultrabasic complex in Sandaogou in
Inner Mongolia, China. It is employed as an in-house U–Pb dating refer-
encematerial in theMC-ICP-MS laboratory of the Tianjin Institute of Ge-
ology and Mineral Resources, China Geological Survey (Zhou et al.,
2012). The weighted mean 206Pb/238U age of 1602 ± 13Ma (95% confi-
dence, MSWD = 0.58, n = 5) obtained by ID-TIMS dating (Zhou et al.,
2012) was adopted as the reference age for the initial Nd calculation
in this study. The Sr, Sm and Nd concentration estimates by LA-ICP-
MS are 11368, 911 and 7344 ppm respectively (Table 1). REE analysis
indicates that SDG is LREE enriched and does not exhibit a Eu anomaly
(Fig. 1a).

One LA-MC-ICP-MS session yielded a 87Sr/86Sr ratio of 0.70298± 16
(2SD, n = 14) (Table 2), which is consistent with the solution MC-ICP-
MS average value of 0.70300 ± 01 (2SD, n = 5) (Table 4, Fig. 5e). The
mean 84Sr/86Sr and 84Sr/88Sr ratios of 0.0564 ± 7 (2SD, n = 14) and
0.00673 ± 8 (2SD, n = 14), respectively, agree well with the recom-
mended values of 0.0565 and 0.00675 (Bizzarro et al., 2003; Ramos
et al., 2004; Woodhead et al., 2005; Yang et al., 2011c, 2012) (Table 2).

Themean 143Nd/144Nd ratio of SDG apatitewas 0.510948±46 (2SD,
n = 20) over the course of one LA-MC-ICP-MS session, while the aver-
age 147Sm/144Nd ratio was 0.0721 ± 4 (2SD, n = 20). The mean 145Nd/
144Nd ratio of 0.348405±22 (2SD, n=20) is consistentwith published
values (Table 3). Additionally, five aliquots derived from crushing chips
of SDG apatite were selected at random for solution analyses, yielding a
mean 143Nd/144Nd ratio of 0.510918± 14 (2SD, n= 5) (Table 4, Fig. 5f)
and a mean 147Sm/144Nd value of 0.0719 ± 11 (2SD, n = 5). The corre-
sponding εNd(t) value for SDG apatite is −7.94 ± 0.46 (2SD, n = 5),
which is within uncertainty of the laser ablation value of −7.41 ±
0.90 (2SD, n = 20) (Table 3, Fig. 5f). There is close agreement between
the solution-based and LA-MC-ICP-MS analyses, while SDG apatite ap-
pears relatively homogenous in terms of its Sr and Sm–Nd isotopic com-
positions and hence could make a promising reference material for in
situ Sr or Nd analyses.
4. Discussions

4.1. Potential criteria of in situ Sr or Nd isotopic analysis of apatite

Low element concentrations and isobaric interferences precluded
LA-MC-ICP-MS Sr or Nd isotopic analyses on some apatite samples.
For in situ Sr measurements, our previous work demonstrated that
~500 ppm Sr is sufficient to yield an absolute precision of ±0.0001 on
the 87Sr/86Sr ratio when using a large (100–160 μm) laser spot size
(Yang et al., 2009b). The extremely low Rb contents (and hence very
low Rb/Sr ratios) of apatite mean that isobaric interference of 87Rb on
87Sr is usually insignificant and can be easily accounted for (Yang
et al., 2011c). As most apatite yields moderate Sr concentrations, there
is usually sufficient Sr for high-precision Sr isotopic analysis. However,
apatite typically exhibits high REE concentrations. A low HREE/Sr ratio
(e.g. Er/Sr or Yb/Sr) is required for in situ Sr analyses due to double-
charged ion interference on 84Sr and 86Sr. As shown in Fig. 6, Er
double-charged ions dominate over Yb double-charged ions as isobaric
interferences on Sr isotope data because Er is more susceptible to
double-charged ion formation (Yang et al., 2012, 2014b). Our experi-
ence indicates that Er/Sr or Yb/Sr ratios should be lower than ~0.1 to ob-
tain reliable in situ Sr isotopic analyses of apatite (Wu et al., 2010a,b,c).
Therefore using these criteria, UWA-1 apatite with its elevated HREE
contents and HREE/Sr ratios (Er/Sr = 0.35 or Yb/Sr = 0.26) is not suit-
able for in situ Sr analysis.

With regard to in situ Nd isotopic analyses, only Slyudyanka apatite
(~53 ppm Nd) was not suitable for Nd isotopic analysis in this study
(Table 1). As shown in Fig. 7, SRM NIST 610 was ablated using a 160
μm spot size with an 8 Hz repetition rate yielding a mean 143Nd/144Nd
ratio of 0.511931± 67 (2SD, n= 40), which is comparable with the re-
ported valued of 0.511927 ± 4 (2SE) by ID-TIMS (Woodhead and
Hergt, 2001), and also agrees well with a recently reported value of
0.511921 ± 13 (2SE, n = 70) determined by LA-MC-ICP-MS (Kimura
et al., 2013a). A sufficiently high Nd concentration in the target material
and a Sm/Nd ratio of less than ca. 1 (147Sm/144Nd b 0.63) are the two
prerequisites for accurate and precise in situNd LA-MC-ICP-MS analyses



Fig. 7. Nd isotope composition of SRM NIST 610 standard glass by laser ablation analysis
(160 μm spot size with an 8 Hz repetition rate). All error bars are at the 2σ level of
uncertainty.

Fig. 8. Laser-ablation 147Sm/144Nd ratios for different minerals or standard glass reference
materials obtained by external calibrationwith 147Sm/144Nd (IDmethod) value of AP2 ap-
atite reference material (measured during the same analytical session), compared with
the isotope-dilution 147Sm/144Nd ratios of these materials. A matrix-matched reference
material method is clearly required to calculate absolute 147Sm/144Nd ratios. Gray rectan-
gles denote a ~1% range in the horizontal axis, indicating that there are insignificant
147Sm/144Nd (~1%) variations between the LA-MC-ICP-MS and ID methods for the same
minerals or materials used in the external calibration, while the discrepancy on the
147Sm/144Nd ratio between the LA-MC-ICP-MS and ID methods is significantly larger (be-
tween 2% to 5%) when AP2 was used to externally calibrate other minerals or materials.
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(Foster and Vance, 2006; Yang et al., 2008). Additionally, our calculated
corresponding εNd(t) values from the LA-MC-ICP-MS data closely match
those obtained by solution analyses (Tables 3, 4 and 6). The data pre-
sented in this study demonstrate that reliable Sr and Nd isotopic com-
positions can be obtained for the majority of natural apatite samples
by LA-MC-ICP-MS.

4.2. A matrix-matched calibration for in situ Sr or Nd analysis of apatite

Interference-corrected LA-MC-ICP-MS 87Sr/86Sr data of apatite are
generally considered to represent the apatite initial Sr isotopic composi-
tion because of its inherently lowRb/Sr ratio (Figs. 2, 3, 4, 5 and Table 2).
However, unlike for in situ Sr analysis, 143Nd/144Nd isotopic analyses re-
quire precise and accurate determination of the parent to daughter ele-
mental ratio (e.g., 147Sm/144Nd) in order to obtain the initial 143Nd/
144Nd ratio (and also initial εNd values) (Liu et al., 2012; Fisher et al.,
2011b; Iizuka et al., 2011; Yang et al., 2013; Kimura et al., 2013a,b). In
order to reduce the matrix effect between different mineral samples
during laser ablation analyses, we typically employed two in-house ap-
atite reference materials during analytical sessions. As demonstrated in
Fig. 8, there are insignificant 147Sm/144Nd (~1%) variations between the
LA-MC-ICP-MS and IDmethods for the sameminerals or materials used
in the external calibration, while the discrepancy on the 147Sm/144Nd
ratio between the LA-MC-ICP-MS and IDmethods is significantly larger
(between 2% to 5%) when AP2 was used to externally calibrate other
minerals or materials (e.g. perovskite). Therefore, an external apatite
reference material is necessary for simultaneous 147Sm/144Nd and
143Nd/144Nd measurements by laser ablation MC-ICP-MS (Foster and
Vance, 2006; Fisher et al., 2011b; Iizuka et al., 2011; Kimura et al.,
2013a; Yang et al., 2009a, 2013; Sarkar et al., 2014). In this study, we
used an apatite referencematerial rather than a synthetic referencema-
terial (such as standard glass) for external calibration. As shown in
Table 3 and Figs. 2, 3, 4 and 5, the obtained 147Sm/144Nd and 143Nd/
144Nd ratios of the apatite samples agree well with the values obtained
by solution-based methods, which confirms the reliability of our in situ
protocol for simultaneous determinations of 147Sm/144Nd and 143Nd/
144Nd ratios.
4.3. Candidate reference materials for in situ Sr and Nd isotopic analyses of
apatite

Generally speaking, candidate apatite referencematerials for in situ Sr
or Nd isotopic analyses by LA-MC-ICP-MS should have the following re-
quirements: (1) the Sr orNd isotopic composition should be homogenous
bothwithin and between individual grains; (2) they should containmod-
erate (and preferably homogenous) Sr or Nd concentrations; (3) they
should exhibit low Er/Sr and Yb/Sr (HREEs) values for Sr isotopic analyses
tominimize double-charged ion isobaric interference; (4) a knowledge of
the crystallization age (e.g. U–Th–Pb dates) is required for Nd isotopic
analyses so the initial Nd isotopic composition (and εNd values) canbe cal-
culated; (5) they should be readily available, ideally as large crystals in
sufficient quantity to supply the scientific community. Based on the in
situ measurements of Sr and Nd isotopic compositions of eleven apatite
reference materials commonly used in U–Th–Pb geochronology we sug-
gest that AP1, MAD, Otter Lake, NW-1, Slyudyanka, Mud Tank, McClure
Mountain and SDG apatite make good potential candidates for in situ Sr
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isotopic analyses, while AP1, AP2, MAD, Otter Lake, NW-1 and SDG are
potential candidates for in situ Nd isotopic analyses.

Additionally, as shown in Fig. 9, the four Durango apatites analyzed
are inhomogeneous in terms of their 147Sm/144Nd ratios despite
exhibiting uniform 143Nd/144Nd ratios during the same analytical ses-
sions. Similarly, Table 2 demonstrates that the Durango_Fisher crystal
is clearly different in its trace element composition compared to the
Fig. 9. Sm–Nd isotope laser ablation analyses of Durango apatite (90 μm spot size with an 8 Hz
144Nd ratio in different Durango apatite crystals, while our in-house AP2 apatite referencemate
are at the 2σ level of uncertainty.
other three Durango (Chew, Griffin and Hou) apatite crystals. This dem-
onstrates that Durango apatite is inhomogeneous in terms of its Sm/Nd
ratio, a conclusion that was also reached by Foster and Vance (2006)
and Fisher et al. (2011b) (Table 6). Therefore, Durango apatite is not a
promising candidate for an apatite reference material for Sm/Nd ratio
determinations by LA-MC-ICP-MS despite yielding homogeneous
143Nd/144Nd data (Fig. 9).
repetition rate) during one analytical session, indicating the significant variation in 147Sm/
rial yields homogenous 147Sm/144Nd data during the same analytical session. All error bars
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5. Conclusions

Considering the need for apatite reference materials for in situ Sr or
Nd isotopic analyses, we undertook both laser ablation and solution-
based measurements of the Sr and Nd isotopic compositions of eleven
potential apatite reference materials (AP1, AP2, Durango, MAD, Otter
Lake, NW-1, Slyudyanka, UWA-1, Mud Tank, McClure Mountain and
SDG) that have been extensively used and distributed in U–Th–Pb geo-
chronology studies. Our obtained Sr and Nd isotopic compositions for
natural apatite samples are all consistent with those values obtained
by solution-based methods (both ID-MC-ICP-MS and ID-TIMS).

During in situ Sr analyses of apatite, isobaric interference from HREE
on 84Sr and 86Sr can be significant. Importantly, Er double-charged ions
dominate over Yb double-charged ions as isobaric interferences on Sr
isotopes because Er is more prone to double-charged ion formation.
Our work indicates that Er/Sr or Yb/Sr ratios greater than 0.1 combined
with low Sr contents,make it impossible to obtain reliable 87Sr/86Sr data
by LA-MC-ICP-MS. Interferences from Kr (in the carrier gas) and Rb
(present in very small quantities inmost apatite crystals) are usually in-
significant and canbe easily corrected by using our analytical protocol. A
matrix-matched apatite reference material is recommended for exter-
nal calibration of 87Sr/86Sr ratios.

AP1, MAD, Otter Lake, NW-1, Slyudyanka, Mud Tank, McClure Moun-
tain and SDG apatites are relatively homogeneous in terms of their Sr iso-
topic compositions, while AP1, AP2, MAD, Otter Lake, NW-1 and SDG
apatites are relatively uniform in terms of their Sm–Nd isotopic composi-
tions. However, UWA-1 apatite is not promising referencematerial for ei-
ther in situ Sr or Nd isotopic analyses, while Durango apatite is not a
promising candidate apatite reference material for Sm/Nd ratio determi-
nations by LA-MC-ICP-MS despite yielding homogeneous 143Nd/144Nd
data.
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