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ABSTRACT: Apatite has been widely applied as a reliable chronometer and geochemical tool for studies on genesis and 

provenance. Due to small quantity, most apatite standards for laser ablation-inductively coupled plasma-mass spectrometry 

(LA-ICP-MS) U‒Pb dating were exhausted. Therefore, apatite reference materials with homogeneous age and abundant reserves 

are still necessary. The famous Qinghu (QH) monzonite in the western Nanling region, South of China was dated well at 159.5 ± 

0.2 Ma (Isotope Dilution Thermal Ionization Mass Spectrometry (ID-TIMS) zircon U-Pb method) and 159.5 ± 0.7 Ma (Secondary 

Ion Mass Spectrometry (SIMS) zircon U‒Pb method). The QH apatite grains selected from this monzonite are characterized by 

abundant reserves, euhedral crystals with sizes up to 1mm, high U and Pb contents of 137.30 and 7.82 μg/g, respectively, and a 

small Th/U value of 2.6. The QH apatite were analyzed as a quality control over five years in the SKLCMRE lab and yielded an 

accurate U‒Pb age at 161.3 ± 0.8 Ma (N=110, MSWD= 1.1, calibrated by OD306), which agrees well with the published U‒Pb 

ages within uncertainties. In combination of these age results and microscopic observations on cogenetic minerals in this rock, the 

zircon ID-TIMS U‒Pb age of 159.5 Ma was accepted as a reference age for QH apatite. Up to now, it is the most suitable reference 

material for apatite samples from the Jurassic to Cretaceous periods owing to its high U and Pb content and formation age. An 

initial 207Pb/206Pb ratio of 0.837 ± 0.008, which was derived from LA-SF-ICP-MS analyses on intergrown feldspars, is consistent 

with the calculated value (0.836) in Stacey and Kramers (1975). One hundred and sixty analyses on QH apatite grains have a 

common lead percentage (f206) value ranging from 4.2% to 38.4% and form a good linear trend on the Tera–Wasserburg diagram. 

Using QH apatite as a primary standard in a two-stage calibration method, four known apatite standards, including OD306, 401, 

MAD1, and MM, have been accurately determined with age offsets of -0.7% to 1.2% by LA-ICP-MS. These age results are the 

same as those calibrated by apatite OD306 (-1.1% 

- 0.1%), MAD1 (-1.2% - -0.1%), and MM (-1.1% 

- 0.1%), and much improved than those calibrated 

by apatite 401 (0.3% - 1.4%) and Otter Lake (-3.4% 

- -2.2%). Moreover, in a method application, 

MRC-1 apatite yielded a lower intercept 206Pb/238U 

ages of 154.1 ± 5.3 Ma, which agrees well with the 

published ID-TIMS U‒Pb age of 153.3 ± 0.2 Ma 

within uncertainty. 
 

INTRODUCTION 

Apatite is a minor but virtually ubiquitous mineral in most 

igneous rocks.1-3 Moreover, it is also a common mineral in both 

intrusive and extrusive carbonatites;4 metamorphic rocks of 

pelitic, carbonate, basaltic, and ultramafic composition;5 clastic 

sedimentary rocks,6-7 and coal seams.8 Apatite is commonly a 

good geochemical tracer for these rocks, and its F, Cl, S, and 

trace element compositions have been widely applied to genesis 

or provenance studies.4,8-15 Notably, apatite may be a new 

geochemical tool for mineral exploration as the variability of 

trace element contents in natural apatite can be used to accurately 
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identify the type of deposit from which the apatite was 

derived.4,16 

In terms of its importance for determining the formation ages 

of metamorphic, magmatic, and sedimentary formations, 

meteorites, and hydrothermal mineralization, apatite has been 

employed as a reliable chronometer and is widely applied in 

geochronology.2-3,10-11,17-23 For example, apatite fission track and 

(U–Th)/He were used to date thermal history information at low 

temperatures of 60‒110 °C and 40‒80 °C, respectively;3,24 

Apatite Lu–Hf and U–Pb systems, with relatively high closure 

temperatures of 675‒700 °C and 350–550 °C, respectively,3,25-26 

are typically applied in high-temperature thermochronological 

studies. Moreover, apatite is the only potential chronometer in 

many sedimentary rocks18 and exhibits relatively low durability 

during sedimentary transport. Therefore, it likely represents 

first-cycle detritus relative to zircon and has become a reliably 

complementary provenance tool for detrital zircon within the 

same sediment.2,14,27 

Owing to its high spatial resolution, high efficiency, and low 

cost, laser ablation-inductively coupled plasma-mass 

spectrometry (LA-ICP-MS) has been widely used for U‒Pb 

dating of many accessory minerals, e.g., zircon, monazite, apatite, 

rutile, and titanite. However, apatite usually contains low U 

(usually < 30 μg/g) and high common Pb contents.2,21,27-29 To 

date, several apatite standards, including MAD1, MAD2 (AFG2), 

OD306, Otter Lake, MM, MAP-2, MAP-3, Durango, NW-1, and 

BR5 have been proposed as primary standards for LA-ICP-MS 

U‒Pb dating.2,21,27-28,30-32 However, most of them contain 

relatively high and variable common Pb, leading to discordant 

U‒Pb ages (inhomogeneous U‒Pb isotopes but a homogeneously 

corrected U‒Pb age).27-28 When using these apatite samples as 

primary standards to directly calibrate U/Pb and Pb/Pb isotopes, 

the downhole fractionation and mass bias corrections are often 

compromised by variable common Pb.21 To avoid this, using the 

VizualAge UcomPbine in iolite software, the common Pb 

correction has been processed for MAD2 first; then the corrected 

MAD2 was used to calibrate other unknown apatite samples.21 

Such a method has been widely employed for apatite U‒Pb 

dating relying on MAD apatite.10,22-23,33-38 However, due to their 

cm-sized crystals and low U contents, most reference materials 

above are of limited supply and easily exhausted using large spot 

sizes (>60 μm). Therefore, the wide application of apatite 

LA-ICP-MS U‒Pb dating still needs sufficient apatite reference 

materials with high U contents similar to the zircon 91500. 

The Chinese Qinghu (QH) apatite has abundant reserves, the 

second highest U contents, and a uniform U‒Pb age. In this study, 

we aim to 1) evaluate QH apatite as a primary standard in a 

two-stage calibration method; 2) establish an alternative method 

for LA-ICP-MS U‒Pb dating of apatite and its application. 

EXPERIMENTAL 

Samples 

(1) Apatites OD306 and 401. Apatite OD306 is obtained from an 

apatite-magnetite vein at the Acropolis Cu–Au prospect in South 

Australia.28,39 Apatite 401 is obtained from Iran and has several 

megacrysts with a total weight of over 200 g.28,39 Both samples 

have low common Pb and contain U contents of 17 and 15 μg/g, 

and Th/U ratios of 4 and 8, respectively.28 These two samples 

have been well dated using the isotope dilution multiple collector 

(ID-MC)-ICP-MS method with the ages of 1596.7 ± 7.1 Ma and 

530.3 ± 1.4 Ma, respectively.28 

(2) Madagascar (MAD) apatite. MAD apatite has been widely 

employed and is characterized by its relatively large single crystal 

with 1‒2 cm diameters.16,21,27,33,35 Generally, MAD has relatively 

low common Pb, moderate U (23 μg/g), and high Th (599 μg/g) 

contents, with Th/U ratios of 15‒30.16,27 Five MAD apatite 

crystals have been dated with different ID-TIMS U–Pb ages of 

486.6 ± 0.9 Ma (MAD1), 478.7 ± 0.2 Ma (AFG2), 474.3 ± 0.4 

Ma (MAD2), 473.5 ± 0.7 Ma, and 473.3 ± 0.2 Ma (AFB1).21,27,31 

MAD has been successfully used as a primary standard for 

LA-ICP-MS U‒Pb dating of apatite by a special process in the 

iolite approach.27,33,35-36 However, as Thomson et al. (2012) 

proposed,27 without independent isotope dilution thermal 

ionization mass spectrometry (ID-TIMS) U–Pb characterization 

for each crystal fragment, the unknown MAD apatite crystals are 

not ideal for distribution due to age differences of ~13.3 Ma. 

Besides, MAD and Durango were proposed as secondary 

standards for trace element analysis.16,40-41 

(3) McClure Mountain (MM) apatite. MM apatite is obtained 

from the McClure Mountain syenite in Colorado, USA and 

occurs as euhedral crystals with 50–200 µm diameters, and some 

grains showing weak concentric zoning.42 MM apatite has an 

ID-TIMS U‒Pb age of 523.5 ± 1.5 Ma (MSWD = 2.1) with 

relatively high common Pb, average U and Th contents of 13 and 

38 μg/g, respectively.28,42 It was used as a secondary standard for 

apatite LA-ICP-MS U‒Pb dating.10,21-23,27-28,33,36, 38 

(4) Otter Lake (like) apatite. Otter Lake (like) apatite was 

purchased from eBay (https://haitao.ebay.com) and described as 

collected from the Yates Mine in Otter Lake, Quebec (Canada), 

which is located north of the Bancroft domain within the 

Grenville Province. This apatite coexists with calcite mainly and 

is characterized by dark-green to brown, with a size of 4 cm long 

and 1.5 cm wide. The dates (ca. 1000 Ma) for Otter Lake come 

from titanite and apatite U‒Pb and PbSL ages.2,25 913 ± 7 Ma 

was used for Otter Lake apatite in other analyses.2,28 However, 

except for the Otter Lake area, additional activity of late-stage 

extension occurred from ca. 1040 to 893 Ma was confirmed in 

the Bancroft domain.43 
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Fig. 1 Transmitted light (a) and reflected light microscope images show apatite intergrown with zircons and titanite in QH monzonite without alteration; 

Reflected light (c), transmitted light (d), cathodoluminescence (CL) (e), and backscattered electron (BSE) (f) images for representative Qinghu apatite 

grains. 

 

(5) Chinese QH apatite. The QH apatite is obtained from the 

relatively famous Qinghu monzonite in the western Nanling 

Region, South of China. This intrusive rock and its accessory 

minerals have been analyzed by many scholars.44-52 Notably, QH 

zircon has been proposed as a primary or secondary standard for 

microbeam analysis of U‒Pb ages and Hf and O isotopes.46-47,49,52 

This monzonite has been well constrained by ID-TIMS and 

SIMS zircon U‒Pb Concordia age at 159.5 ± 0.2 and 159.5 ± 0.7 

Ma (2δ, including decay errors).44,46 Other minerals (e.g., apatite 

and titanite) are intergrown with zircons and should have the 

same age as the zircons without alteration (Fig. 1a and b). 

Moreover, two consistently lower intercept 206Pb/238U ages of 

157.6 ± 0.6 Ma (titanite, N=93, MSWD=1.2, Table S1), 161.3 ± 

0.8 Ma (apatite, N=110, MSWD=1.1, Table S3) were also 

confirmed for apatite and titanite as secondary standards in our 

labs for more than five years.51 Recently, apatite was also used as 

a secondary reference material for O isotope analysis.50 

The QH apatite is collected from the QH monzonite, with a 

weight of approximately 3.0 g, using a particle size of 20 to 40 

meshes. Most QH apatite grains are euhedral, with lengths of 

300‒1000 µm, and have length to width ratios ranging from 1:1 

to 1:2.5 (Fig. 1c-f). They are transparent and colorless under 

optical microscopy (Fig. 1d), and exhibit clear oscillatory 

zonings in cathodoluminescence (CL) images (Fig. 1c). Some 

melt or opaque mineral inclusions are also visible in certain 

grains (Fig. 1d). No alterations occurred in all apatite grains (Fig. 

1), and all analyses on apatite centers and rims have the same rare 

earth elements (REEs) distribution. Thus, ID-TIMS zircon U‒Pb 

age of 159.5 Ma was accepted as a reference age for QH apatite. 

(6) MRC-1 apatite. MRC-1 apatite is from Imilchil, situated 

within the Triassic–Late Cretaceous Central High Atlas province 

of Morocco.29 In our analysis, the MRC-1 apatite fragment is 

from a cm-sized and light-yellow crystal. The MRC-1 apatite has 

U and Th contents of 34 and 330 μg/g and yields an isochron U‒

Pb age of 153.3 ± 0.2 Ma by ID-TIMS method anchored at an 

initial 207Pb/206Pb ratio of 0.85 ± 0.04.29 

Table 1. Instrumental parameters for LA-(SF)-ICP-MS measurements 

Geolas Pro Laser ablation system 

Laser  Coherent Compex Pro 102F 
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Wavelength 193 nm 

Energy density 

5 J/cm2 for U-Pb dating and 

trace elements; 3.5 J/cm2 for 

initial 207Pb/206Pb ratios 

Spot size 
32 μm for most apatites; 44 μm 

for U‒Pb isotopes in feldspar  

Laser frequency 5 Hz 

Ablation cell Standard ablation cell 

Ablation cell gas Helium (0.45 L/min) 

Agilent 7900 ICP-MS 

Power 1450 W 

Reflected power <5 W 

Plasma gas flow rate 15.0 L/min 

Sample gas flow rate 0.85-0.95 L/min 

Total sweep time 0.29 s 

Dwell times (ms) 

8ms for 139La, 140Ce, 141Pr, 143Nd, 
147Sm, 151Eu, 155Gd, 159Tb, 163Dy, 
165Ho, 166Er, 169Tm, 173Yb, 175Lu; 

10 ms for 232Th; 15 ms for 204Pb 

and 208Pb; 25 ms for 206Pb, 207Pb 

and 238U; 6 ms for 31P, 43Ca and 
202Hg 

Thermo Fisher Scientific Finnigan Element XR ICP-MS 

Power ~ 1200 W 

Reflected power 3 W 

Guard electrode Connected (PtAu5) 

Plasma gas flow rate 16.0 L/min 

Auxiliary gas flow rate 0.85 L/min 

Sample gas flow rate 0.80-0.95 L/min 

Scan type EScan 

Resolution (M/ΔM) Low (~ 300) 

Mass window 20 % 

Sample per peak 20 

Detection mode Triple 

Sample cone Standard Ni sample cone 

Skimmer cone  Ni “H” skimmer cone  

Dwell time 
3 ms for 204Pb, 208Pb, 232Th; 15 

ms for 206Pb, 207Pb, 238U 

Run 350 

Baseline time 20 s 

Laser ablation time 30 s 

Wash out time 30 s 

Total time 90 s 

Addition nitrogen to increase 

the sensitivity 

0.3 mL/min 

Note: J cm−2, 0.45 L/min of helium, and 3 mL/min of N2 are 

abbreviated as J, 450 He, and 3 N2 below. 

Instrumentation and operating conditions. All apatite grains 

or fragments were cast in 1 or 2.5 cm epoxy mounts and polished. 

The QH apatite grains were optically examined to observe their 

internal textures and the occurrence of fluid and mineral 

inclusions. Backscattered electron (BSE) and CL images of QH 

apatite grains were photographed using an FEI QUANTA 450 

scanning electron microscope coupled with a Gatan MONO CL4 

Detector at the Langfang Tuoxuan Rock and Mineral Analysis 

Co., Ltd. 

Apatite analyses were performed on a GeoLasPro 193nm ArF 

excimer laser (CompexPro 102F, Coherent), coupled to a 

Thermo Scientific Element XR sector field ICP-MS (Thermo 

Fisher Scientific, USA) for U‒Pb and an Agilent 7900 ICP-MS 

(Agilent Technologies, USA) for U‒Pb isotope dating and trace 

element analyses simultaneously at the State Key Laboratory of 

Critical Mineral Research and Exploration (SKLCMRE), 

Institute of Geochemistry, Chinese Academy of Sciences 

(IGCAS), Guiyang, China. The analytical conditions are listed in 

Table 1 and referred to in Tang et al.52-53 

The common Pb compositions, which will be used for 

common Pb correction, can be obtained by Pb isotope analysis of 

low-U co-genetic minerals, e.g., feldspar.2,21,28 Thus, certain 

feldspar grains, with the lengths and widths of 0.5‒1 and 0.2‒0.5 

cm, respectively, were also selected for initial 207Pb/206Pb ratio 

analyses. Total Pb, U, and Th concentrations and 207Pb/206Pb 

ratios analyses on feldspar were performed on a GeoLasPro 

193nm ArF excimer laser coupled to a Thermo Scientific 

Element XR sector field ICP-MS at SKLCMRE, IGCAS, 

Guiyang, China. 

Calibration strategy and data reduction. A standard-sample 

bracketing procedure was used. QH apatite and NIST glass (e.g., 

SRM NIST612) were used to correct the 238U/206Pb and 
207Pb/206Pb isotopic ratios, respectively. A calibrated factor, which 

is calculated by the accepted/measured lower intercept 238U/206Pb 

ratio of QH apatite in the Tera–Wasserburg Concordia diagram, 

was used to multiply by the measured 238U/206Pb ratios of the 

unknowns (finished in Excel). The accepted ratio of 42.41 

depends on the accepted age of 159.5 ± 0.8 Ma for QH apatite 

(Fig. 3a) and the initial 207Pb/206Pb ratio (0.84 ± 0.01, calculated 

below or from Stacey and Kramers (1975)). A similar procedure 

has been referred to in previous studies (named as two-stage 

calibration method).52,54 Moreover, apatite OD306 was used as a 

primary standard to calibrate both Pb/Pb and U/Pb ratios, and 

additionally, MAD, MM, 401, and Otter lake apatite, which 

contain relatively high common lead, were used respectively to 

replace QH as the primary standard to calibrate 238U/206Pb ratios 

of the other apatite standards (as the unknowns) again for 

comparison. 

In terms of no fractionation between 207Pb and 206Pb, NIST 

glasses were thus used to calibrate the 207Pb/206Pb ratios of calcite 

minerals during the in-situ U‒Pb analysis. 54 In this analysis, 

NIST610 was used to calibrate 207Pb/206Pb ratios and U, Th, and 

Pb contents, and NIST612 was used as a secondary standard. The 

obtained weighted average 207Pb/206Pb ratio for QH feldspar was 

compared with the published value in Stacey and Kramers (1975) 

for a reliable verification. 

The data collected from ICP-MS were processed offline using 

the ICPMSDataCal software for calibration, background 

correction, and floating of integration signals.55 To reduce or 

eliminate down-hole fractionation effects, excluding the beginning 

~2 s, only the first ~25 s of ablation data was used for calculation.  
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Fig. 2 Weighted average 207Pb/206Pb value for NIST 610, 612, and sixteen analyses on feldspar grains in the Qinghu monzonite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Lower intercept 206Pb/238U ages for several apatite standards (as the unknowns) calibrated by QH+NIST612 in the Tera–Wasserburg Concordia 

diagrams. 

 

Isoplot 4.15 was used to finish the common Pb correction and 

calculate the lower intercept ages in the Tera–Wasserburg 

Concordia anchored through common Pb. The final uncertainty 

of isotopic ratios was reported as 2σ according to 

recommendations in Horstwood et al.56 

RESULTS  

Initial 207Pb/206Pb value for QH apatite. When NIST 610 was 

calibrated to the reference 207Pb/206Pb value (Fig. 2a), as a quality 

control, NIST 612 yielded a weighted average value of 0.906 ± 

0.012 (Fig. 2b), which is consistent with the published values 

ranging from 0.906 to 0.911 within analytical uncertainty 

(georem.mpch-mainz.gwdg.de). Sixteen analyses on several 

feldspar grains intergrown with QH apatite in monzonite yielded 

207Pb/206Pb ratios ranging from 0.811 to 0.856, with a weighted 

average value of 0.837 ± 0.008 (used as 0.84 ± 0.01, Fig. 2c), 

which is consistent with the published value of 0.836 in Stacey 

and Kramers (1975) based on the age of QH apatite. Moreover, 

these feldspar grains typically have Th and U contents below the 

detection limit and total Pb contents that mainly range from 2.97 

to 3.58 μg/g. When including three large values of 6.14, 7.78, and 

12.64 μg/g, the total Pb contents of feldspar grains have an 

average value of 4.37 μg/g (Table S2). The initial Pb isotopic 

compositions can be estimated from Pb evolution models (e.g., 

Stacey and Kramers, 1975) or a low-U co-genetic mineral (e.g. 

feldspar) for its negligible radiogenic Pb.21 Thus, the mean 
207Pb/206Pb value of 0.84 ± 0.01 for feldspar can represent the 

initial 207Pb/206Pb value for apatite. 

U‒Pb age results of several apatite standards. U‒Pb age data of  
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Fig. 4
 
Lower intercept 206Pb/238U ages for several apatite standards (as the unknowns) calibrated by OD306 in the Tera–Wasserburg Concordia diagrams.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Lower intercept 206Pb/238U ages for several apatite standards (as the unknowns) calibrated by 401+NIST612 in the Tera–Wasserburg Concordia 

diagrams. 

 

several apatite standards are presented in Figs. 3‒8 and Tables 

S3‒S8. They are described as follows: 

Calibrated by OD306. Apatite OD306 was used as a primary 

standard to calibrate the U‒Pb age of the unknowns (Fig. 4a). 

Five lower intercept 206Pb/238U ages were obtained for other 

apatite samples, including 536.8 ± 2.8 Ma (MSWD = 2.3) (Fig. 

4b) for 401, 486.0 ± 4.5 Ma (MSWD = 5.4) (Fig. 4c) for MAD1, 

525.5 ± 4.6 Ma (MSWD = 2.5) (Fig. 4d) for MM, 892.9 ± 7.0 

Ma (MSWD = 3.6) (Fig. 4e) for Otter Lake (like), and 161.3 ± 

0.8 Ma (MSWD = 1.1) (Fig. 4f) for QH. 

Calibrated by 401+NIST612. When apatite 401 was taken as the 

primary standard and calibrated to the accepted age at 530.3 Ma28, 

the other apatite unknowns, including OD306, MAD1, MM, Otter 

Lake (like), and QH, obtained the lower intercept 206Pb/238U ages  
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Fig. 6 Lower intercept 206Pb/238U ages for several apatite standards (as the unknowns) calibrated by MAD1+NIST612 in the Tera–Wasserburg Concordia 

diagrams. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Lower intercept 206Pb/238U ages for several apatite standards (as the unknowns) calibrated by MM+NIST612 in the Tera–Wasserburg Concordia 

diagrams. 

 

of 1578 ± 12 Ma (MSWD = 2.5), 479.9 ± 4.5 Ma (MSWD = 1.8), 

516.4 ± 3.7 Ma (MSWD = 1.5), 882.1 ± 4.3 Ma (MSWD = 1.4), 

and 159.0 ± 1.0 Ma (MSWD = 0.6) (Fig. 5), respectively. 

Calibrated by MAD1+NIST612. As the primary standard, the 

age of MAD1 was calibrated to 486.6 Ma (MSWD = 1.8) (Fig. 

6c). Five apatite standards as the unknowns, including OD306, 

401, MM, Otter Lake (like), and QH, yielded lower intercept 
206Pb/238U ages of 1600 ± 12 Ma (MSWD = 2.5) (Fig. 6a), 536.9 

± 2.4 Ma (MSWD = 1.3) (Fig. 6b), 524.1 ± 2.9 Ma (MSWD = 

1.5) (Fig. 6d), 891.2 ± 3.8 Ma (MSWD = 1.5) (Fig. 6e), and 

161.2 ± 1.0 Ma (MSWD = 0.6) (Fig. 6f), respectively. 

Calibrated by MM+NIST612. Apatite MM was chosen as the  
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Fig. 8

 
Lower intercept 206Pb/238U ages for several apatite standards (as the unknowns) calibrated by Otter Lake+NIST612 in the Tera–Wasserburg 

Concordia diagrams.
 

 

 

 

 

 

 

 

 

Fig. 9 Lower intercept 206Pb/238U age for MRC-1 apatite in the Tera–Wasserburg Concordia diagram using QH apatite as a primary standard in the 

two-stage calibration method for application. 

 

primary standard with an accepted age of 523.5 Ma (MSWD = 

1.6) (Fig. 7d), and the other apatite reference standards were 

treated as the unknown. Five apatite samples, including OD306, 

401, MAD1, Otter Lake (like), and QH, obtained the lower 

intercept 206Pb/238U ages of 1598.0 ± 12 Ma (MSWD = 2.6), 

536.3 ± 2.3 Ma (MSWD = 1.3), 486.0 ± 4.4 Ma (MSWD = 1.8), 

892.7 ± 3.7 Ma (MSWD = 1.4), and 161.0 ± 1.0 Ma (MSWD = 

0.6) (Fig. 7), respectively. 

Calibrated by Otter Lake+NIST612. When Otter Lake apatite 

was used as the primary standard with the accepted age of 913.0 

Ma,2, 28 the other apatite samples, including OD306, 401, MAD1, 

MM, and QH, obtained the older lower intercept 206Pb/238U ages 

of 1634 ± 13 Ma (MSWD = 2.5), 548.6 ± 2.4 Ma (MSWD = 1.3), 

497.2 ± 4.5 Ma (MSWD = 1.8), 535.5 ± 3.0 Ma (MSWD = 1.5), 

and 164.8 ± 1.0 Ma (MSWD = 0.6) (Fig. 8), respectively. 

Calibrated by QH+NIST612. QH apatite was used as a primary 

standard to calibrate the U/Pb ratios of other known apatite 

standards. Its lower intercept 206Pb/238U age was calibrated to 

159.5 Ma (MSWD = 1.3) in the Tera‒Wasserburg Concordia 

diagram anchored at 0.84 ± 0.01 Ma (Fig. 3a). OD306, 401, 

MAD1, MM, and Otter Lake (like) apatite samples yielded a 

lower intercept 206Pb/238U age of 1592 ± 12 Ma (MSWD = 4.3) 

(Fig. 3b), 534.1 ± 3.2 Ma (MSWD =2.4) (Fig. 3c), 480.7 ± 3.5 

Ma (MSWD = 1.8) (Fig. 3d), 518.6 ± 2.9 Ma (MSWD = 1.5) 

(Fig. 3e), and 884.6 ± 3.7 Ma (MSWD = 1.4) (Fig. 3f), 

respectively. 

U‒Pb age result for MRC-1 apatite. In this analysis, thirty 

analyses on QH apatite formed a good regression in the Tera‒

Wasserburg Concordia diagram (Fig. 9a, Table S8). Twenty-nine 

analyses on MRC-1 apatite yielded a lower intercept 206Pb/238U 

ages of 154.1 ± 5.3 Ma (MSWD = 1.7), with the average Pb, Th, 

and U contents of 0.67, 68.99, and 5.13 μg/g, respectively (Fig. 

9b, Table S8). 
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Fig. 10 Age (Ma) vs. f206 (%) and U (μg/g) three-phase diagram of several 

apatite standards. The data for apatite OD306, 401, MAD1, MM, Otter 

Lake, QH, MRC-1 is from this study; data for Kovdor, BRZ-1, MAP-3, 

Durango, Willberforce, and Sume is from Ref.28-30,40,66,67, respectively. 

DISCUSSION 

Evaluation of the age results calibrated by different primary 

standards. Two calibrated methods have been established for 

LA-ICP-MS U‒Pb dating of apatite by previous studies, 

including using non-matrix-matched reference materials2 and 

especially the matrix-matched reference materials, including 

apatite OD306 (1596.7 Ma), 401 (530.3Ma), MAD series (from 

473.3 to 486.6 Ma), MM (524 Ma), Otter Lake (913 Ma), 

MRC-1 (153.3 Ma), and MAP-3 (800.5 Ma).2,21,27-29,30-31,39 Most 

of these apatite standards have a certain amount of common Pb, 

e.g., f206 values ranging from 0 to 6.4% for apatite 401 (Figs. 3c 

and 10), 0.8% to 9.6% for MAD1 (Figs. 3d and 10), 7.9% to 33.6% 

for MM (Figs. 3e and 10), 4.9% to 9.2% for Otter Lake (like) 

(Figs. 3f and 10), and 2.7% to 60.5% for MRC-1 (Table 2, Fig. 

10 and Ref.29), respectively. Comparatively, apatite samples 

OD306 and MAP-3 usually have nearly concordant U‒Pb ages 

with the lower and negligible common Pb.28,30 Depending on 

their common-lead and homogeneity of U‒Pb ratios, these 

apatite standards were utilized to calibrate Pb/Pb and U/Pb ratios 

simultaneously (e.g., OD306 and MAP-3)28,30 or calibrate U/Pb 

ratios only after common-lead correction in the iolite approach 

(VizualAge_UcomPbine) (e.g., MM and MAD).21 No iolite is 

available in this analysis, and thus, a similar approach named a 

two-stage calibration method in Roberts et al.54 and Tang et al.52 

was used instead. 

Representative apatite reference material, including OD306, 

401, MAD1, MM, and QH, was analyzed in this analysis. Using 

concordant OD306 as the primary standard, the other apatite 

samples yielded accurate lower intercept 206Pb/238U ages with age 

offsets of -1.1% to 0.1% relative to their reference ages (Table 2). 

Moreover, using 401, MAD1, MM, and QH as a primary 

standard for U/Pb ratio caliburation (NIST612 for 207Pb/206Pb 

ratio) in turn, other apatite samples yielded the lower intercept 
206Pb/238U age with the corresponding age offset of 0.3% to 1.4%, 

-1.2% to -0.1%, -1.1% to 0.1%, and -0.7% to 1.2% (Table 2). 

Those age results calibrated by apatite QH are comparable or 

slightly better than those by OD306 and other apatite standards. 

Comparatively, when using 913 Ma as an acceptable age, five 

younger ages with an offset of 2.2%, 3.4%, 2.4%, 2.2%, and 3.1% 

were obtained for Otter Lake (like) calibrated by OD306, 401, 

MM, MAD1, and QH, respectively (Table 2). These ages cannot 

overlap with 913 ± 7 Ma within uncertainty, but are still within 

the acceptable age offset of ~3%, which was described for 

LA-ICP-MS U‒Pb dating of zircons by previous studies.57-60 

However, considering the precise and accurate results for other 

apatite standards, these larger age offsets may be attributed to the 

hydrothermal activity of late-stage or variable Pb diffusion 

occurring for whole large crystals during cooling,61 e.g., two ages 

of 474 and 486 Ma for large-sized Madagascar apatite crystals.27 

Previously, the U‒Pb age of OD306 and 401 apatite was 

calibrated by Otter Lake apatite at 1544 ± 3.2 and 506.2 ± 2.3 Ma 

with corresponding age offsets of 3.3% and 4.5%,28 respectively. 

In our analysis, using Otter Lake as the primary standard, OD306, 

401, MAD1, MM, and QH obtained ages of 1634 ± 13, 548.6 ± 

2.4, 497.2 ± 4.5, 535.5 ± 3.0, and 164.8 ± 1.0 Ma with 

corresponding age offsets of -2.3%, -3.4%, -2.2%, -2.3%, and 

-3.3% (Fig. 8, Table 2). These age results confirmed that Otter 

Lake is not a good reference material. 

Overall, apatite formation age can be easily and accurately 

determined by LA-ICP-MS U‒Pb dating using QH apatite as a 

primary standard. 

QH apatite as a potential reference material. An ideal 

matrix-matched apatite standard for LA-ICP-MS dating would 

be sufficiently homogenous in age, contain no or a small amount 

of common Pb and high U and radiogenic Pb concentrations, 

yield an accurate and precise U–Pb age, and is sufficient to be 

utilized indefinitely by different laboratories.2,27,54,57 No such 

perfect apatite has been found to date. Most of the apatite 

standards referred to above were limited in supply and easily 

exhausted using large spot sizes (≥60 μm). Some uncalibrated 

MAD crystal fragments were widely distributed to result in an 

inaccurate calibration process due to the possible large age 

difference of 13.3 Ma between two MAD grains.21,27,31 Therefore, 

several scholars performed an independent ID-TIMS U‒Pb 

dating of each MAD crystal, including MAD1, MAD2, MAD, 

MAD-TCD, AFG2, and AFB1.21,27,29,31 Moreover, some 

fragments from two concordant apatite samples (OD306 and 

MAP-3) also contain relatively low U concentrations of <35 μg/g 

and common lead percentage (f206) value up to 2.5% and 3.8% 

(Table 2, Fig. 10), respectively. In this situation, apatite reference 

materials, with a homogeneous age and abundant reserves, are 

still necessary to further look for. 
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Table 2. Reference and measured 206Pb/238U ages and U and Th contents of several apatite standards by in-situ analysis 

Sample 

Isotope 

dilution age 

(Ma) 

Primary standards and calibration methods 

U Th 
Th/U 

f206 initial 

207Pb/206Pb 

OD306 401+NIST612 MAD1+NIST612 MM+NIST612 
Otter 

Lake+NIST612 
QH+NIST612 

Concordia intercept age (Ma, 207Pb-corr. T-W) and age offsets Average 

OD306 1596.7 ± 7.1 28 1596.8 ± 1.7 

1578 ± 12 

1.2% 

1600 ± 12 

-0.2% 

1598 ± 12 

-0.1% 

1634 ± 13 

-2.3% 

1592 ± 12 

0.3% 

33.30 153.51 4.6 

0-2.5% 

0.96 ± 0.01, S-K 

model 

401 530.3 ± 1.5 28 

536.8 ± 2.8 

-1.1% 

530.3 ± 2.3 

536.9 ± 2.4 

-1.2% 

536.3 ± 2.3 

-1.1% 

548.6 ± 2.4 

-3.4% 

534.1 ± 3.2 

-0.7% 

18.85 146.47 8.0 

0-6.4% 

0.83 ± 0.01, S-K 

model 

MAD1 486.6 ± 0.9 27 

486.0 ± 4.5 

0.1% 

479.9 ± 4.5 

1.4% 

486.6 ± 4.4 

486.0 ± 4.4 

0.1% 

497.2 ± 4.5 

-2.2% 

480.7 ± 3.5 

1.2% 

55.94 1148.98 28.9 

0.8-9.6% 

0.87 ± 0.01, S-K 

model 

MM 523.5 ± 1.5 42 

525.5 ± 4.6 

-0.4% 

516.4 ± 3.7 

1.4% 

524.1 ± 2.9 

-0.1% 

523.5 ± 3.9 

535.5 ± 3.0 

-2.3% 

518.6 ± 2.9 

0.9% 

29.05 92.86 3.2 

7.9-33.6% 

0.875 ± 0.01, S-K 

model 

Otter 

lake 
913 ± 7 25 

892.9 ± 7.0  

2.2% 

882.1 ± 4.3 

3.4% 

891.2 ± 3.8 

2.4% 

892.7 ± 3.7 

2.2% 

913 ± 3.8 

884.6 ± 3.7 

3.1% 

144.86 933.63 6.4 

4.9-9.2% 

0.93 ± 0.01, S-K 

model 

QH 159.5 ± 0.7 44,45 

161.3 ± 0.8 

-1.1% 

159.0 ± 1.0 

0.3% 

161.2 ± 1.0 

-1.1% 

161.0 ± 1.0 

-1.0% 

164.8 ± 1.0 

-3.3% 

159.5 ± 0.8 

159.5 ± 1.1 

137.30 356.47 2.6 

4.2-38.4% 

0.84 ± 0.01, S-K 

model 

MRC-1 153.3 ± 0.2 29 

No data 

154.1 ± 5.3 5.13 68.99 13.4 2.7-60.5% 

MAD2 474.3 ± 0.4 27 

No data 

26.00 696.00 27.0 Low 

Durango 31.4 ± 0.2 40 11.00 241.00 22.0 13.2-30.8% 

Kovdor 380.6 ± 2.6 28 17.00 1733.00 102.0 8.7-50.1% 

MAP-3 800.5 ± 0.9 30 24.80 18.60 0.8 0-3.8% 

 

Note: 1) age offset = (A − B)/A × 100, where A and B are the ages of the reference and the measured age, respectively; 2) U and Th content of most 

apatite standards are mainly from Table S3, MRC-1 from Table S8, and the other apatite standards, including MAD2, Durango, and Kovdor, are from 

Thompson et al.28. 

 

 

QH apatite has sufficiently abundant reserves that could be 

distributed widely, and is characterized by the second highest U 

(137.30 μg/g), moderate Th (356.47 μg/g), and relatively high 
207Pb and 206Pb contents, compared to other primary standards of 

OD306, 401, MAD series, MM, Otter Lake, MRC-1, Kovdor, 

and MAP-3 (Table 2, Fig. 10). Thus, the U‒Pb contents and 

isotopes of QH apatite grains can be accurately determined using 

LA-Q (SF)-ICP-MS in a small spot size (e.g., 32 µm). Moreover, 

owing to the smaller average Th/U ratios (< 3) and formation age 

(~160 Ma), its excess 206Pb from 230Th has little effect on U‒Pb 

dating results according to previous studies.28 Though QH apatite 

contains considerable common Pb and features an 

inhomogeneous Pb/U system, it has a robust and more 

homogeneous age relative to the MAD series, and has a larger 

size and similarly common lead relative to MM. As shown in Fig. 

3, 160 analyses of QH have a wide variation in their 207Pb/206Pb 

and 238U/206Pb ratios, ranging from 0.101 to 0.346 and 24.620 to 

38.257, respectively, and define a good single isochron in the 

Tera‒Wasserburg Concordia diagram with an age of 159.5 ± 0.8 

Ma and a MSWD value of 1.3. These characteristics are similar 

to the existing reference materials of apatite MM and calcite 

WC-1.21,54 

Commonly, significant matrix effects may exist between two 

minerals of the same type with quite different ages. Consequently, 

a matrix-matched apatite standard should be proposed to have a 

similar age (or U‒Pb isotopic compositions) to the unknowns. In 

the South of China, there occurred numerous super-large 

intrusive-related Cu, Pb-Zn-Ag, W-Sn, and Sb-Au deposits,62-63 

which can be accurately dated by apatite.64-65 There was no 

Jurassic to Cretaceous apatite reference materials until MRC-1 

apatite with low U contents of 34.54 μg/g was reported by Apen 

et al.29 Thus, up to now, QH apatite is possibly the most suitable 

standard for the Jurassic to Cretaceous apatite samples 

worldwide in terms of its high U‒Pb contents and formation age. 

In general, QH apatite has a great potential to become a 

reliable primary standard and be widely applied for apatite U‒Pb 

dating. 

Application on MRC-1 apatite. When QH apatite was 

calibrated to the reference age of 159.5 Ma in the Tera‒
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Wasserburg Concordia diagram with a MSWD value of 1.0, 

MRC-1 yielded an age of 154.1 ± 5.3 Ma (Fig. 9). This age 

agrees well with the published ID-TIMS U‒Pb age of 153.3 ± 

0.2 Ma, as well as the U‒Pb age of 152.7 ± 0.6 Ma by laser 

ablation split stream ICP-MS (LASS),29 indicating that QH 

apatite and related U‒Pb dating method are reliable. 

However, MRC-1 apatite fragment analyzed in our analysis is 

selected from the edge part of a gem-quality apatite crystal and 

have relatively low Pb, U, and Th contents, ranging from 0.45 to 

0.98 (averaging 0.67 μg/g), 3.82 to 5.67 (averaging 5.13 μg/g), 

and 45.35 to 81.94 (averaging 68.99 μg/g) (Tables 2 and S8), 

respectively. The average U, Th, and Pb contents are six times 

lower than the published value in Apen et al. 29 and may 

contribute to the large age uncertainty (Fig. 9b). 

CONCLUSION 

(1) QH apatite has abundant reserves and high U‒Pb contents 

with an accurate U‒Pb age of 159.5 ± 0.8 Ma, and can define a 

good regression in the Tera-Wasserburg Concordia diagram, and 

thus can be used as a potential reference material for apatite U‒

Pb dating. 

(2) A robust age can be determined for several known apatite 

standards by LA-ICP-MS U‒Pb dating using QH as the primary 

standard in the two-stage calibration method. 

ASSOCIATED CONTENT 

The supporting information (Tables S1-S8) is available at 

https://www.at-spectrosc.com. 
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