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Abstract 15 

Apatite geochronology is a versatile method for providing medium temperature history 16 

constraints of magmatic and metamorphic rocks. The LA-ICP-MS technique is widely applied 17 

to  U/Pb geochronology using a variety of minerals. Apatite U/Pb geochronology, in contrast 18 

to e.g. zircon, is compromised by variable amounts of common Pb incorporated into the 19 

crystal during growth. Magmatic apatite often shows a sufficient spread in data to obtain a 20 

precise and accurate lower intercept age. If this is not the case, the initial Pb isotopic 21 

composition needs to be estimated to obtain accurate and precise age information from 22 

apatite. Two approaches are common, one being the estimation of common Pb from a Pb 23 

evolution model and the other being the measurement of a coexisting mineral phase that tends 24 

to incorporate Pb but not U, e.g. feldspar. Most recent studies applying LA-ICP-MS to the 25 
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analysis of Pb isotopes in feldspar utilize either multicollector or magnetic sector mass 26 

spectrometers. In this study we firstly evaluate the application of quadrupole mass 27 

spectrometry for apatite U/Pb geochronology combined with Pb isotopic measurements in 28 

feldspar and compare the results with modelled initial Pb isotopic compositions. The resulting 29 

age information is accurate and precise despite using plagioclase rather than K-feldspar, as is 30 

normally used, to define initial Pb isotope compositions. We apply this method to apatite-31 

bearing gabbroic rocks from layered intrusions (Bushveld, Bjerkreim-Sokndal, Hasvik, and 32 

Skaergaard) ranging in age from ca. 2 Ga to ca. 55 Ma and generate metamorphic/cooling 33 

ages generally consistent with the known geologic history of these intrusions.  34 

 35 

Introduction 36 

Apatite is a valuable mineral for geochronology as it occurs as an accessory mineral in 37 

magmatic, sedimentary and metamorphic rocks. In many cases U/Pb ages from apatite agree 38 

with zircon in rapidly cooling intrusive rocks (Oosthuyzen and Burger 1973). Nevertheless, 39 

substantial differences between U/Pb apatite and zircon ages are observed due to Pb loss or 40 

slow cooling (Cliff and Cohen 1980, DeWitt et al. 1984) as the TC (closure temperature) of 41 

zircon and apatite differ significantly, at >900 ºC (Lee et al. 1997) and 450-550 ºC (Cherniak 42 

et al. 1991, Chamberlain and Bowring 2000; Schoene and Bowring 2007) or 375 – 570 °C 43 

(Cochrane et al. 2014), respectively. The TC of apatite is dependent on grain size and 44 

composition, and is close to the 40Ar/39Ar hornblende TC of c. 550°C (Harrison 1982), and can 45 

therefore be used as a medium-temperature thermochronometer. The cooling rate associated 46 

with igneous rocks is mainly controlled by size and stagnation depth of an intrusion and may 47 

lead to significant differences in the mineral cooling ages. 48 

In contrast to zircon, apatite tends to incorporate not only U but also Pb during crystallization. 49 

For this reason U/Pb data need to be corrected for PbC (common Pb) if there is not enough 50 
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spread in data to derive a lower intercept age in order to obtain accurate ages. This is not only 51 

true for the samples analyzed but also for the reference material (Chew et al. 2014). For the 52 

PbC correction the initial Pb isotopic composition needs to be established. This can be 53 

obtained from the two-stage Pb evolution model of Stacey and Kramers (1975) which is an 54 

iterative approach. Alternatively, the initial PbC can be derived from the analysis of the Pb 55 

isotopic composition of a paragenetic mineral phase like feldspar that tends to incorporate Pb 56 

rather than U and thus records the initial PbC isotopic composition at time of crystallization. 57 

In most Pb isotopic studies on feldspar, K-feldspar is used, limiting this technique to evolved 58 

samples. It has been considered that plagioclase may incorporate U during crystallization, 59 

affecting the 207Pb/206Pb ratio. Schwarze and Miller (1968) found 0.004 – 0.030 ppm lattice 60 

bound U in K-feldspar and 0.003 – 0.180 ppm in coexisting plagioclase. Nevertheless, 61 

Flowerdew et al. (2012) reported high and variable U contents in a K-feldspar sample leading 62 

to large uncertainties in 207Pb/206Pb initial ratios which might have resulted from partial re-63 

equilibration of Pb isotopes during a late phase of metamorphism. Pb/Pb in feldspar is marked 64 

by a TC of c. 700°C (Cherniak 1995) and can be re-equilibrated during high-grade 65 

metamorphic events. Due to the lower TC of apatite of 375 – 570°C this resetting of the Pb 66 

isotopic composition in feldspar would have no or little effect on the accuracy and precision 67 

of apatite geochronology. 68 

The accurate and precise in situ analysis of Pb isotopes in feldspar in the literature is mostly 69 

limited to SIMS (secondary ion mass spectrometry) and MC-ICP-MS (multi collector-70 

inductively coupled plasma-MS), the latter due to the simultaneous acquisition of Hg and Pb 71 

isotopes. This allows for an accurate correction of the 204Hg interference on 204Pb applying 72 

natural 202Hg/204Hg and / or 201Hg/204Hg isotope ratios. This provides accurate and precise 73 

208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb ratios as usually applied in traditional Pb isotopic 74 

studies (e.g. Tyrrell et al. 2007, 2010). The PbC correction in apatite geochronology only 75 
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requires the 207Pb/206Pb ratio, which might be possible to acquire by LA-Q-ICP-MS (laser 76 

ablation-quadrupole-ICP-MS) at a sufficient accuracy and precision. Chew et al. (2011) 77 

validated the LA-ICP-MS method using apatite with initial PbC from feldspar applying a 78 

magnetic sector MS which has a significantly higher sensitivity than quadrupole ICP-MS and 79 

produces better precision due to the simultaneous detection of the isotopes.  Therefore we 80 

present a new and unconventional approach using the Pb isotopic composition of feldspar 81 

obtained from LA-Q-ICP-MS for the PbC correction of apatite U/Pb ages. Following the 82 

evaluation of analytical parameters, accuracy and precision of this approach, we present 83 

analyses of five samples from four layered intrusions that have previously been dated by e.g. 84 

U/Pb in zircon or Sm/Nd mineral/whole rock as a test of the method. 85 

 86 

Samples 87 

Pre-analyzed feldspar 88 

Three feldspar samples with established Pb isotopic compositions (Table 1) have been 89 

analyzed to validate the accuracy and precision of Pb isotope analyses of feldspar. The 90 

samples are from the Antarctic and comprise one granite from Cole Peninsula (R414.1) and 91 

one granite gneiss each from Heimefrontfjella (Z332.1) and Read Mountains (sample 92 

Z.1098.6). They have previously been analyzed for Pb isotopes using the solution MC-ICP-93 

MS method (Flowerdew et al. 2012). 94 

 95 

Apatite standards 96 

Within this study a series of reference materials for apatite geochronology have been 97 

measured against each other to constrain optimum analytical conditions and verify the method 98 

applied (Table 1). They cover a range of ages from 31.44 Ma (Durango; McDowell et al. 99 

2005) to 377.5 Ma (Kovdor; Amelin and Zaitsev 2002) and 523.5 Ma (Mount McClure; 100 
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Schoene and Bowring 2006). The external standard for all apatite analyses was Madagascar 101 

apatite with 474 Ma (Thomsen et al. 2012). 102 

 103 

Apatite and feldspar from intrusions 104 

Furthermore, five samples from four different layered intrusions were crushed, milled and 105 

separated via Wilfley shaking table and hand magnet for apatite and plagioclase feldspar 106 

(Table 2). Grains were handpicked and mounted in 2.5 cm epoxy pucks. To evaluate the 107 

analytical approach of combining Pb isotopic data from LA-Q-ICP-MS with apatite 108 

geochronology it was compared to accuracy and precision of apatite ages derived by initial 109 

PbC calculation after Stacey and Kramers (1975). 110 

Sample 90-22-467 was derived from the Skaergaard Intrusion (East Greenland). The 111 

Skaergaard Intrusion was formed at 55.96 Ma based on U/Pb zircon CA-TIMS (chemical 112 

abrasion-thermal ionization MS) of ferrodiorite (Wotzlaw et al. 2012) and is a shallow level 113 

intrusion that fractionated as a closed system. Sample 90-22-467 is part of drill core 90-22 114 

and originates from the Upper Zone b whose base is marked by the appearance of abundant 115 

apatite (Tegner, 1997). 116 

Two samples originate from the Hasvik Layered Intrusion (Norway). The gabbroic Hasvik 117 

Layered Intrusion is part of the Seiland Igneous Province within the North Norwegian 118 

Caledonides and has been emplaced in the middle crust at 6 – 8 kbar (H. Reginiussen, Ph.D. 119 

thesis, Univ. Tromsø, 1996). It is supposed to have experienced upper greenschist facies 120 

metamorphism at 425 – 415 Ma as indicated by Ar/Ar dating of muscovite and hornblende 121 

minerals (Dallmeyer 1988). Samples CT-40 and 03N17 from this study originate from the 122 

Upper Zone which is the uppermost portion of the Layered Series and consists of oxide-123 

apatite ferronorites (Tegner et al. 1999). Daly et al. (1991) reported a Sm/Nd mineral/whole 124 
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rock age of 700 ± 33 Ma, while ID-TIMS (isotope dilution-TIMS) U/Pb zircon data suggest a 125 

crystallization age of 562 ± 6 Ma (Roberts et al. 2006). 126 

One sample (NH-17) has been part of the Bjerkreim-Sokndal Intrusion (Norway). Bjerkreim-127 

Sokndal Intrusion has a published ID-TIMS U/Pb age of 932 ± 5 Ma from the Bjerkreim-128 

Sokndal quartz mangerite (Pasteels et al. 1979). The intrusion consists of a series of 6 mega-129 

cyclic units (MCU) and formed at pressures of 4 – 6 kbar (Auwera and Longhi 1994). Sample 130 

NH-17 originates from the eastern flank of the Bjerkreim-lobe in the upper part of MCU III 131 

(Meyer et al. 2002). 132 

The oldest sample for this study comes from the Bushveld Complex (South Africa). The 133 

Bushveld complex is a mafic intrusion with an age of 2056.88 ± 0.41 Ma (U–Pb zircon CA-134 

TIMS age of pegmatitic orthopyroxenite; Scoates and Wall 2015). The accretion and 135 

crystallization of the mafic Bushveld Complex was extremely rapid and can be bracketed 136 

between an U-Pb zircon age of 2055.91 ± 0.26 Ma at the chilled base and 2054.89 ± 0.37 Ma 137 

from a pyroxenite in the central part of the intrusion (Zeh et al. 2015).  The ages are consistent 138 

with thermal modeling (Cawthorn and Walraven 1998). Thermal modeling further suggests 139 

rapid cooling through 700°C in less than a million years (Zeh et al. 2015), consistent with 140 

constraints from rutile ages (Scoates and Wall 2015). At ~2 Ga it experienced a hydrothermal 141 

event as indicated by 40Ar/39Ar biotite ages of 1999 ± 10 Ma and 2002 ± 10 Ma (Scoates and 142 

Wall 2015). Sample 1w1423.4 is from the Bierkraal drill core from Upper Zone c which 143 

marks the appearance of apatite (Tegner et al. 2006). Zeh et al. (2015) obtained an U–Pb age 144 

of 2055.81 ± 0.76 Ma for zircon of the Upper Zone. 145 

 146 

Methods 147 

All analyses were carried out with a New Wave NWR-193 excimer laser ablation system 148 

coupled to a Thermo XSeries2 quadrupole ICP-MS at the PetroTectonics Analytical Facility 149 
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at the Department of Geological Sciences, Stockholm University. Analytical conditions are 150 

given in Table 3. Prior to analysis the instrument was tuned to high sensitivity while keeping 151 

the ThO/Th production rate below 0.5%. 152 

 153 

Apatite 154 

For apatite U/Pb geochronology each analysis comprised 15 s background, 30 s analysis, 10 s 155 

wash-out. Ablation was carried out with 50 µm spot size, laser energy density of 7 J cm-2, and 156 

a repetition rate of 10 Hz. Each reference material used as unknown for method establishment 157 

was analyzed 15 times and each sample from the layered intrusions 15 to 31 times. External 158 

standardization was performed using Madagascar apatite, analyzed at the start and end of the 159 

analytical sequence and bracketing 10 analyses of the samples. Mount McClure was analyzed 160 

together with the samples and treated as unknown to control the “within-run” accuracy and 161 

yielded a 207Pb-corrected age of 523.6 ± 2.5 Ma (n=18). 162 

Analyzed isotopes are given in Table 4. Three different settings for dwell times were used in 163 

order to verify the accuracy and precision that can be achieved with this instrumentation. 164 

Data from the instrument was processed using the VizualAge_UComPbine DRS (data 165 

reduction scheme; Chew et al. 2014) within Iolite (Hellstrom et al. 2008; Paton et al. 2011). It 166 

allows for PbC correction of the external standard before correction for downhole 167 

fractionation and instrument drift, in this study the 207Pb correction method. The initial 168 

207Pb/206Pb isotopic compositions of reference materials analyzed as samples in this study are 169 

taken from the literature (Table 1). For the unknowns data processing was carried out with Pb 170 

isotopic compositions calculated from the Stacey and Kramers (1975) Pb evolution model as 171 

well as with the Pb isotopic composition derived from analyses of coexisting plagioclase 172 

feldspar. 173 

 174 
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Feldspar 175 

Pb-isotopes in feldspar have been analyzed with a maximum spot diameter of 150 µm, laser 176 

energy density of 8 J cm-2, laser frequency of 20 Hz, and raster speed of 5 µm s-1. Each 177 

analysis comprised 30 seconds of gas blank and 30 seconds wash-out. Two line analyses each 178 

were conducted on NIST 610, 612, and 614 as external standard with a length of 300µm. 179 

Instrument tuning was focused on high sensitivity (> 10000 cps/ppm on 207Pb) with ThO/Th 180 

of <0.5%. The analyzed isotopes were 200Hg, 201Hg, 202Hg, 203Tl, 204Hg-Pb, 205Tl, 206Pb, 207Pb, 181 

and 208Pb. 182 

Data processing was performed with Excel using raw data from the analyses.  It included 183 

background subtraction for each isotope and monitoring isotopic fractionation by calculating 184 

fractionation factors for each spectrum after Fryer et al. (1995). No outliers were rejected and 185 

207Pb/206Pb ratios were calculated as ratios from averages of background subtracted cps over 186 

the complete raster analyses. Additionally, the deviation of measured versus published Pb 187 

isotope ratios of 0.38% in NIST 612 was used to correct the Pb isotopes of the samples. There 188 

was no need to correct for instrument drift as 207Pb/206Pb ratios were stable during the 189 

analytical session (Figure 1). Each sample was analyzed 15 times and averaged.  190 

 191 

Results 192 

Apatite standards 193 

For the apatite reference materials ages were calculated as 207Pb-corrected ages (Chew et al. 194 

2014). The highest accuracy and precision was obtained with the longest dwell times (Table 195 

5). The precision for the Durango sample is slightly lower than for Kovdor and Mount 196 

McClure (2.58%; Figure 2). This can be attributed to lower count rates on 207Pb with ~700 cps 197 

in contrast to Mount McClure with ~1000 cps and Kovdor with ~4000 cps. Accuracy and 198 

precision for Mount McClure are high with 0.06% and 0.78%, respectively. Analyses of 199 
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Kovdor apatite yields lower accuracy and precision of 0.26% and 1.06%, respectively, which 200 

might be related to more heterogeneous U and Pb distribution. The precision was improved 201 

by increasing the number of analyses to 30, resulting in an accuracy of 0.19% and precision of 202 

0.89%. 203 

 204 

Pre-analyzed feldspar 205 

To validate the successful set-up of the feldspar method with respect to accuracy and 206 

precision, three K-feldspar samples previously analyzed  by Flowerdew et al. (2012) were 207 

analyzed within this study (Table A1). From analyses of NIST 610, 612, and 614 we conclude 208 

that NIST614 with 2.3 ppm Pb does not give accurate 207Pb/206Pb isotope ratios on our 209 

analytical setup. The same is true for NIST612 with a Pb concentration of 39 ppm (precision 210 

0.5%, n=12). NIST 610 is heterogeneous with respect to 207Pb/206Pb isotope ratios with a 211 

precision of 1 % (n=12). NIST612 yielded a higher precision of 0.2% (n=12) and was applied 212 

as external standard for further analyses. All feldspar analyses yielded fractionation factors 213 

(after Fryer et al. 1995) of 1.0, i.e.- no downhole isotopic fractionation was observed (Table 214 

6). The comparison of the acquired LA-Q-ICP-MS isotope ratios with published values shows 215 

that they are in good agreement (Figure 3). Compared to solution MC-ICP-MS, the 2 σ errors 216 

are larger (Table 6). 217 

We found the U concentration in the analyzed feldspars below the detection limit of our 218 

instrument at~0.05 ppm. Thus we are not able to correct for effects of initial U in-growth. 219 

 220 

Feldspar and apatite from intrusions 221 

207Pb/206Pb ratios from feldspar (andesine composition) analyses for sample 90-22-467 from 222 

the Skaergaard intrusion are significantly higher than those derived from the Stacey and 223 

Kramers model with 0.8851 compared to 0.8387. Apatite analyses yield a 207Pb-corrected age 224 
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of 55.35 ± 6.6 Ma, applying a PbC correction with initial PbC derived from feldspar analyses. 225 

Applying a Stacey and Kramers initial PbC yields a 207Pb-corrected age of 55.69 ± 5.9 Ma 226 

(Table 7, Figure 4). Both ages are close to the Tera-Wasserburg intercept age of 58 ± 19 Ma 227 

but are more precise (Figure 5). Analyses of Durango apatite with the youngest crystallization 228 

age among the reference materials and Skaergaard apatite show that there is no limitation of 229 

the method towards younger intrusions. 230 

Samples from the Hasvik layered intrusion also show significant differences in PbC 231 

composition comparing 207Pb/206Pb ratios from feldspar (labradorite composition) analyses 232 

and from the Stacey and Kramers calculation (Table 7; Figure 4 A and B). The 207Pb-233 

corrected ages from both initial PbC compositions overlap within error with 424.7 ± 4.7 Ma 234 

(03N17; feldspar) and 434.5 ± 6.1 Ma (03N17; S & K), and 422.7 ± 5.5 Ma (CT40; feldspar) 235 

and 422.6 ± 5.8 Ma (CT40; S & K). Interestingly, the ages of both samples are significantly 236 

younger than previously reported zircon U/Pb ages of 562 ± 6 Ma (Roberts et al. 2006). They 237 

agree well with 40Ar/39Ar hornblende and muscovite ages of 425 – 415 Ma (Dallmeyer 1988). 238 

Feldspar (andesine composition) from the Bjerkreim-Sokndal Intrusion (NH-17) has a 239 

207Pb/206Pb ratio of 0.8716, slightly lower than the Stacey and Kramers calculated ratio of 240 

0.8970. 207Pb-corrected apatite ages overlap within error with 906 ± 7.8 Ma and 907.7 ± 8 Ma 241 

(Table 7; Figure 4 C). These are both significantly younger than the published zircon age of 242 

932.5 ± 6 Ma (Figure 6), in keeping with the lower Tc of apatite. 243 

Initial Pb isotope ratios of the Bushveld sample as derived from feldspar (labradorite 244 

composition) analyses (1.0029) and the Stacey and Kramers calculation (1.0059) are in good 245 

agreement. Correspondingly, the 207Pb-corrected ages are close to each other (2056 ± 7.8 Ma 246 

and 2056.2 ± 9 Ma; Table 7; Figure 4 D) and to the published zircon age of 2056.88 Ma 247 

(Figure 6).  248 

 249 
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Discussion 250 

Apatite geochronology of sample 90-22-467 from the Skaergaard intrusion produced ages 251 

with good accuracy and precision using either the initial PbC from feldspar analyses or PbC 252 

from the Stacey and Kramers model. The least precise ages are obtained by calculating a 253 

lower intercept age from uncorrected 207Pb/206Pb and 238U/206Pb ratios anchored at initial PbC 254 

(Figure 5, Table 7). The application of initial PbC from feldspar analyses yielded an intercept 255 

age of 58 ± 19 Ma whereas the Stacey and Kramers PbC composition gave an age of 35 ± 14 256 

Ma; both ages have low accuracy and precision. Considering the 206Pb, 207Pb, and 238U count 257 

rates (cps) of apatite (Table 8), the sample from the Skaergaard intrusion has the lowest Pb 258 

and U concentration among the different analyzed samples. Nevertheless, analyses of 259 

Durango apatite (31.44 Ma) yielded 206Pb and 207Pb cps of only 200 cps and 40 cps, 260 

respectively, but significantly higher 238U cps of 28000 (compared to 2000 in sample 90-22-261 

467). Therefore, the accuracy and precision of ages for young samples is not only controlled 262 

by Pb and U concentration but also by the spread in radiogenic Pb/common Pb ratios. In 263 

contrast, 207Pb corrected ages of 55.35 ± 6.6 Ma (feldspar) and 55.69 ± 5.9 Ma (Stacey and 264 

Kramers) are accurate and precise, and agree well with the accepted crystallization age of ca. 265 

56 Ma (Zeh et al. 2015). 266 

207Pb-corrected ages of the two samples from the Hasvik Intrusion agree well with ~423 Ma 267 

(CT-40) and ~425 Ma (NH17; Table 7). PbC anchored Tera-Wasserburg ages of both samples 268 

are in agreement, independent of which initial PbC (from feldspar or from Stacey and 269 

Kramers) is applied (Figure 5). Sample CT-40 yields intercept ages of 423.7 ± 8.5 Ma 270 

(feldspar) and 432.6 ± 5.4 Ma (Stacey and Kramers), sample 03N17 ages of 422.3 ± 8.6 Ma 271 

(feldspar) and 432.6 ± 5.2 (Stacey and Kramers). This age range (422 – 433 Ma) correlates 272 

within error with Ar/Ar hornblende and muscovite ages of 425 – 415 Ma (Dallmeyer 1988; 273 

Figure 6) and with the main phase of Caledonian orogenesis at 425 – 400 Ma (e.g. Gee 1982). 274 
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This orogeny might have caused Pb loss in apatite and reset the thermochronometer, which 275 

then indicates peak metamorphic temperatures above the apatite TC of 375 to 570ºC. The Pb 276 

isotope system might also have been reset during this metamorphic event. 277 

Anchored Tera-Wasserburg intercept ages of sample NH17 from the Bjerkreim-Sokndal 278 

intrusion are in good agreement with the 207Pb-corrected ages of 906 ± 11 Ma (feldspar) and 279 

904.7 ± 8.1 Ma (Stacey and Kramers). The apatite age strongly differs from the published 280 

zircon age of 932 Ma which can be explained by slow cooling of the intrusion of ~20°C/Ma, 281 

assuming an apatite TC of 450°C. This is supported by a paleomagnetic study arguing the 282 

remenent magnetism was acquired at 900 Ma due to slow cooling (Brown and McEnroe, 283 

2004). Despite this concise cooling path Rb/Sr whole rock analyses yielded an age of 857 ± 284 

21 Ma (Pasteels et al., 1979). The high TC of c. 700°C for Rb/Sr should have also reset the 285 

U/Pb apatite and Pb/Pb feldspar ratios which has not been observed within this study. Kagami 286 

et al. (2003) reported lowering of the Rb/Sr TC down to c. 400°C in presence of fluids. 287 

Lowering the TC of the Rb/Sr system to 400°C leads to a coherent cooling history for the 288 

Bjerkreim-Sokndal intrusion. 289 

For the previously described samples, the anchored Tera-Wasserburg ages were in agreement 290 

with sample ages (Hasvik) and initial PbC (Bjerkreim-Sokndal). In contrast, intercept ages for 291 

the Bushveld complex (sample 1w1423.4) yield older ages of 2108 ± 34 Ma (feldspar) and 292 

2109 ± 33 Ma (Stacey and Kramers) that do not overlap with the published age of 2055.88 293 

Ma. This inaccuracy is related to the limited spread in radiogenic Pb/common Pb ratios 294 

(Figure 5). Nevertheless, 207Pb corrected ages of 2056 ± 7.8 Ma and 2056.2 ± 9 Ma agree well 295 

the published zircon U/Pb age of 2056.88 Ma. 296 

We conclude that the deviation between measured versus calculated initial PbC is not related 297 

to application of LA-Q-ICP-MS, but to the analyses of plagioclase feldspar in contrast to K-298 

feldspar from earlier studies. Any analysis of pre-analyzed K-feldspar produced accurate 299 
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results with deviations of measured to published values below 0.8% (Table 6). These samples 300 

yielded raw cps on 206Pb and 207Pb >100000, significantly higher than count rates for the 301 

plagioclase of the samples (Table 8). Therefore the mostly lower 207Pb/206Pb ratios of the 302 

newly analyzed samples are related to low Pb count rates for these feldspar compositions. 303 

This might either reflect a general depletion of the host magma in Pb crystallizing plagioclase 304 

compared to Na-K-feldspar or different partition coefficients for Pb silicate melt/K-Na-305 

feldspar and silicate melt/plagioclase. It is noteworthy that LA-Q-ICP-MS of apatite allows 306 

for the reliable geochronology of cooling events (Skaergaard, Bjerkreim-Sokndal, and 307 

Bushveld intrusions) and metamorphic events (Hasvik intrusion). In the latter case, the TC of 308 

375 – 570°C for U/Pb in apatite allows to estimate minimum peak metamorphic temperatures. 309 

 310 

Implications 311 

- LA-Q-ICP-MS for apatite U/Pb geochronology produces precise and accurate data, 312 

independent of the method applied for initial PbC – feldspar analyses or the Stacey 313 

and Kramers calculation. Accuracy and precision of Pb isotope analyses in plagioclase 314 

is sufficient for PbC correction with the application of quadrupole mass spectrometry. 315 

- Analyses of feldspar for initial PbC is compromised by the feldspar composition. 316 

While measured Pb isotopes in K-feldspar are accurate at < 0.8% deviation from 317 

published values, analyses of plagioclase show a deviation from Stacey and Kramers 318 

model composition. 319 

- Although measured initial PbC and calculated PbC deviate, neither the 207Pb-corrected 320 

age nor the anchored Tera-Wasserburg intercept age is affected and ages for the 321 

different initial PbC overlap within error. 322 

- Intercept ages of young samples like 90-22-467 from the Skaergaard intrusion can be 323 

compromised by a limited spread of radiogenic Pb/common Pb ratios. Nevertheless, it 324 
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should be noted that the analytical technique is not limited to samples older than this 325 

(56 Ma) as we could produce an accurate and precise age for the Durango apatite (31 326 

Ma). 327 
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Figures and tables 468 

Figure 1: Variation of 207Pb/206Pb isotope ratios in NIST 612 over an analytical session. 469 

 470 



20 
 

Figure 2: Diagrams showing the 207Pb-corrected ages for Durango, Mount McClure and 471 

Kovdor apatites analyzed with Madagascar apatite as external standard. 472 

 473 

Figure 3: Comparison of 207Pb/206Pb isotope ratios from published solution MC-ICP-MS 474 

values (Flowerdew et al., 2012) with measured values. Errors are 2 sigma, errors of MC-475 

ICP-MS values are within in the symbol. The ratios are within error of the 1:1 correlation 476 

line. 477 

 478 

Figure 4: 207Pb-corrected ages of the samples from the Hasvik, Bjerkreim-Sokndal, Bushveld, 479 

and Skaergaard intrusions calculated with PbC from feldspar analyses. A: CT40; B: 03N17; 480 

C: NH17; D: 1w1423.4; E: 90-22-467. Filled symbols are rejected data points (2-sigma 481 

outlier rejection in UComPbine) and not included in the 207Pb-corrected age calculation. 482 

 483 

Figure 5: Tera-Wasserburg diagrams for the samples anchored through initial PbC as 484 

derived from feldspar analyses. 485 

 486 

Figure 6: Temperature-age (207Pb corrected ) relations of the four investigated intrusions. A: 487 

Bjerkreim-Sokndal, B: Hasvik, C: Bushveld, D: Skaergaard; blue: zircon TC > 900°C (Lee et 488 

al. 1997), orange: Rb/Sr whole rock TC 700°C (Kagami et al. 2003), green: Sm/Nd whole 489 

rock TC 600 ± 30°C (Mezger et al. 1992), yellow: Ar/Ar hornblende TC 550°C (Harrison 490 

1982), red: Ar/Ar muscovite TC 400°C (Purdy and Jäger 1976), violet: rutile TC 400-450°C 491 

(Mezger et al. 1989), dotted: apatite TC 375- 570°C (Cherniak et al. 1991, Chamberlain and 492 

Bowring 2000, Schoene and Bowring 2007, Cochrane et al. 2014). Ages other than apatite 493 

ages from this study (grey boxes) are indicated with numbers: 1) Pasteels 1979; 2) Roberts et 494 
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al. 2006; 3) Daly et al. 1991; 4) Dallmeyer 1988; 5) Zeh et al. 2015; 6) Scoates and Wall 495 

2015; 7) Wotzlaw et al. 2012. 496 

 497 

Table 1: Reference materials and feldspar samples applied in this study for apatite U/Pb ages 498 

and PbC composition in feldspar (*calculated from published 207Pb/204Pb – 206Pb/204Pb 499 

ratios). 500 

 501 

Table 2: Samples analyzed in this study for apatite U/Pb ages and Pb isotopic composition in 502 

feldspar. 503 

 504 

Table 3: Instrumental parameters and analytical conditions of the LA-ICP-MS system applied 505 

for quantitative analyses. 506 

 507 

Table 4: Instrument dwell times for U/Pb geochronology of apatite. 508 

 509 

Table 5: 207Pb-corrected ages for apatite reference materials analyzed as unknowns. 510 

 511 

Table 6: 207Pb/206Pb ratios of the pre-analyzed samples in comparison with published values 512 

and the deviation of measured from published values in %. 513 

 514 

Table 7: 207Pb/206Pb ratios from feldspar analyses and from Stacey and Kramers Pb evolution 515 

model (S & K) with corresponding 207Pb-corrected ages of analyzed apatite samples. 516 

 517 

Table 8: Raw count rates in counts per second (cps) for 206Pb, 207Pb, and 238 Uin apatite 518 

and feldspar. 519 



22 
 

 520 

Appendices: 521 

Table A1: 207Pb/206Pb ratios of spot analyses of pre-analyzed feldspar grains and unknowns 522 

with fractionation factors (FF) calculated after Fryer et al. (1995) and U concentration from 523 

LA-ICP-MS. Note: detection limit is 0.05 ppm. Corr. NIST612: corrected for difference 524 

between published and measured 207/206 in NIST612. 525 

 526 

Table A2: 207Pb-corrected ages for spot analyses on apatite applying PbC from feldspar and 527 

Stacey and Kramers (S & K) and 207Pb/206Pb as well as 238U/206Pb ratios with corresponding 528 

error correlation as used for anchored Tera-Wasserburg diagrams. 529 

 530 















Age [Ma] initial 207Pb/206Pb reference
apatite:
MAD2 474 0.8681 Thomsen et al. 2012
Mount McClure 523.5 0.88198 Schoene and Bowring 2006
Kovdor 377.5 0.83087 Amelin and Zaitsev 2002
Durango 31.44 0.8376 McDowell et al. 2005
feldspar:
R.414.1  - 0.8332* Flowerdew et al. 2012
Z.332.1  - 0.8816* Flowerdew et al. 2012
Z.1098.6  - 0.8096* Flowerdew et al. 2012

Table 1: Reference materials and feldspar samples applied in this study for apatite U/Pb ages and P



PbC composition in feldspar (*calculated from published 207 Pb/ 204 Pb – 206 Pb/ 204 Pb ratios).



sample origin age [Ma] references

90-22-467 Skaergaard Intrusion, Greenland, 
Upper Zone b, Layered Series 55.96 Wotzlaw et al. 2012

Tegner et al. 1999,
Roberts et al. 2006 

NH-17
Bjerkreim-Sokndal Intrusion, 
Norway, apatite-oxide gabbro, MCU 
III, Teksevatnet W

932 ± 5 Meyer et al. 2002

1w1423.4 Bushveld Complex, South Africa, 
apatite-oxide gabbro, Upper Zone c 2056.88 Scoates and Wall 2015, Tegner 

et al. 2006

Table 2: Samples analyzed in this study for apatite U/Pb ages and Pb isotopic composition in feldspar.

CT40, 03N17 Hasvik Layered Intrusion, Norway, 
apatite-oxide gabbro, upper zone 562 ± 6





NWR-193 nm excimer laser ablation system:
Energy density 7 J cm-2

Spot size apatite 50 µm
Spot size and stage speed feldspar 150 µm, 5 µm s-1

Repetition rate apatite 10 Hz
Repetition rate feldspar 20 Hz
He carrier gas 500 ml min-1

Thermo XSeries2 quadrupole ICP-MS:
Forward power 1400 W
Nebulizer gas flow 0.92 l min-1

Cooling gas 13 l min-1

Table 3: Instrumental parameters and analytical conditions of the LA-ICP-MS system applied for quan



ntitative analyses .



Dwell times [ms]

(set 1)

Dwell times [ms]

(set 2)

Dwell times [ms]

(set 3)

Table 4: Instrument dwell times for U/Pb geochronology of apatite.

43Ca (5), 202Hg (40), 204Pb,Hg (50), 206Pb (50), 207Pb (80), 208Pb (40), 232Th (40), 
238U (50), 248ThO (20)

43Ca (5), 202Hg (20), 204Pb,Hg (25), 206Pb (100), 207Pb (120), 208Pb (20), 232Th (20), 
238U (50), 248ThO (20)

43Ca (5), 202Hg (20), 204Pb,Hg (25), 206Pb (120), 207Pb (160), 208Pb (15), 232Th (10), 
238U (45), 248ThO (20)



Durango MM Kovdor
published age 31.44 523.5 377.5
age 31.2 524 377
error 3.9 13 5.7
accuracy % -0.76 0.1 -0.13
precision % 12.5 2.48 1.51
age 32.4 523.3 377.8
error 2.7 4.3 6
accuracy % 3.05 -0.04 0.08
precision % 8.33 0.82 1.59
age 31.42 523.2 378.5
error 0.81 4.1 4
accuracy % -0.06 -0.06 0.26
precision % 2.58 0.78 1.06

Table 5: 207 Pb-corrected ages for apatite reference materials analyzed as unknowns.

method 1

method 2

method 3



measured published deviation (%)
Z.332.1 0.8750 ± 0.017 0.8816 ± 0.0001 0.75
Z.1098.6 0.8091 ± 0.009 0.8096 ± 0.0001 0.06
R.414.1 0.8267 ± 0.008 0.8332 ± 0.0001 0.78

Table 6: 207 Pb/ 206 Pb ratios of the pre-analyzed samples in comparison with published values and t



the deviation of measured from published values in %.



Intrusion 207Pb/206Pb feldspar 207Pb/206Pb S & K published age [Ma] 207Pb age feldspar [Ma] 207Pb age S & K [Ma] intercept age feldspar [Ma] intercept age S & K [Ma]
90-22-467 Skaergaard 0.8851 0.8387 55.960 ± 0.018 55.35 ± 6.5 55.69 ± 5.9 58 ± 19 35 ± 14
CT-40 Hasvik 0.8323 0.8614 562 ± 6 422.7 ± 5.5 422.6 ± 5.8 423.7 ± 8.5 432.6 ± 5.4
03N17 Hasvik 0.8311 0.8626 562 ± 6 424.7 ± 4.7 434.5 ± 6.1 422.3 ± 8.6 432.6 ± 5.2
NH-17 Bjerkreim-Sokndal 0.8716 0.897 932 ± 5 906.0 ± 7.8 907.7 ± 8.0 906 ± 11 904.7 ± 8.1
1w1423.4 Bushveld 1.0029 1.0059 2056.88 ± 0.41 2056.0 ± 7.8 2056.2 ± 9.0 2108 ± 34 2109 ± 33

Table 7: 207 Pb/ 206 Pb ratios from feldspar analyses and from Stacey and Kramers Pb evolution model (S & K) with corresponding 207 Pb-corrected ages and intercepot ages of analyzed apatite samples



206Pb (cps) 207Pb (cps) 238U (cps) 206Pb (cps) 207Pb (cps)
Mount McClure 3000 690 29000  -  -
90_22_467 167 131 2000 2200 1900
CT_40 730 208 3500 5200 4310
03N17 1170 390 11400 17500 14600
NH_17 700 181 7400 7400 6500
1W14234 2450 540 5800 7000 7100

Table 8: Raw count rates in counts per second (cps) for 206Pb, 207Pb, and 238Uin apatite and f

apatite feldspar



feldspar.
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