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0 Ar/Ar LASER SINGLE-GRAIN AND K-Ar DATING OF
THE YIXIAN FORMATION, NE CHINA

Ching-Hua LOY, Pei-Ji CHEN®, Tung Yu TSOUY, Shen-Su SUN®’, Chi-Yu LEEY
1) Department of Geology, National Taiwan University, Taipei 106—17
2) Nanjing Institute of Geology and Paleontology, Chinese Academy of Sciences, Nanjing 210008
3) 16 Giffen Close, Holt, Canberra, ACT 2615, Australia

ABSTRACT:  Recent findings of spectacular * feathered ' dinosaurs and birds
(Liaoningornis , Confuciusornis, Caudipteryx, Protarchaeopteryr and Sinosaurop-
teryx ) from NE China have provided an excellent opportunity to examine the long-run-
ning debate on the hypothesis that birds evolved from dinosaurs, and to reveal the early
evolution of feathers. K-Ar radiometric dating of voleanic ash recovered [rom a rock
specimen containing Con fuctusornis sanctus Hou et al . suggests 147.3+0.3 Ma lor
the age of the fossil. * Ar/%Ar laser single-grain dating on individual biotite grains col-
lected from a volcanic bed, about 13 — 19 m above the stratigraphic position of the fossil
bed, in the lower member of the Yixian Formation yields ages in the range of
136.2 Ma—155.4 Ma (mean age of 145.3 + 4.4 Ma) with an intercept age of 147. 1
+1.8 Ma. These two ages are in excellent agreement and thus, resolve a controversy
regarding age of these fossils. It is now firmly established that the feathered theropods
in NE China lived in the late Jurassic, the same time period as Archaeopteryzy found in

Bavaria.

INTRODUCTION

Since Archaeopteryr was found in Bavaria in 1861, whether birds evolved from dinosaurs
has been a subject of debate for decades and scientists, due to the dearth of feathered [ossils.
Recently, the blooming findings of spectacular ‘feathered’ dinosaurs and early birds (Hou ez
al., 19955 Chen et al., 1998; Ji et al., 1998; Hou and Cher, 1999; Xu et al., 1999) ——
Liaoningornis, Confuciusornis, Liaoxiornis, Caudipteryr, Protarchaeopterye, Bei-
piaosaurus , and Sinosauropteryr , from the lower part of the Yixian Formation in Liaoning,
NE China have fired up hot debate over the origin and evolution of avian flight, as well as the
definition of “birds’ (Padian, 1998). These findings have also narrowed the gap between di-
nosaurs and birds in avian [amily tree (Chiappe, 1995; Hou et al., 1996; Unwin, 1998; Pa-
dian, 1998). All these fossils are well preserved in volcanic and sedimentary beds of the lower
part of the Yixian Formation, in Sihetun — Jianshangou areas of Beipiao Liaoning, NE China.
Several months ago the present authors made a briel report on the age of Sinosauropleryr and
Con fuciusornis by using * Ar/?’ Ar laser single-grain and K-Ar dating (Lo ez al. , 1999). The
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methods, results, and discussion will deseribed herein in detail.

SAMPLES

In order to obtain precise age information for these fossils, a detailed geological and
chronostratigraphical survey for the Yixian Formation in Sihetun and Jianshangou areas has re-
cently been carried out by the Institute of Vertebrate Paleontology and Palecanthropology, Bei-
jing and the Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences re-
spectively. The latter measures three profiles in the Sihetun, Huangbanjigou and Jianshangou
areas show that the lower part of the Yixian Formation is mainly composed of alluvial and lacus-
trine deposits with a number of interlayering volcanic beds. Lithostratigraphically, it can be di-
vided into seven beds: (1) basal conglomerates and sandstones, 3 — 24 m in thickness, uncon-
formably overlying on the late-Middle Jurassic Tuchengzi Formation; (2) andesite, 0.1 —40
m; (3) siltstones and mudstones, 213 m; (4) lower lacustrine shales with members of vol-
canic beds, 5— 10 m; (5) massive siltstones and sandy mudstones, 13— 19 m; (6) upper la-
custrine shales, 2 — 7 m; and (7) sandstones and tuffaceous beds on the surface (Text-fig.
1A). The fossil-bearing beds for the feathered theropods and birds, including Liaoningornis ,
Protarchaeopteryx , Caudipteryx , Confuciusornis , and Sinosauropteryr, were confirmed to
belong to the Bed 4. It is also shown that after deposition, these sedimentary and volcanic beds
were intruded by a number of intermediate-basic dykes (Text-fig. 1A). Building on this strati-
graphic framework we have embarked a study of K-Ar and 40 Ar/* Ar laser probe dating of vol-
canic samples from the fossil beds to further delineate the absolute age of these feathered
theropods and birds.

More than 80 biotite grains and groundmass chips extracted [rom two volcanic rock sam-
ples (WL1 and WL2) were analyzed by the ¥ Ar/% Ar laser single grain fusion method. The
rock samples were collected from a volcanic bed —13 m above the main fossil bed of the lower
part of the Yixian Formation berween Hengdaozi and Jianshangou (Text-fig. 1B). The rock
samples are yellowish-gray in color, and display typical pyroclastic texture and consist mainly of
fine-grained groundmass (>80% in volume) with euhedral biotite and feldspar phenocrysts.
Under microscope, feldpsar and groundmass are clearly altered to varying degrees, but there is
no sign of alteration in biotite. Geochemical analyses of these volcanic samples have trachytic-
rhyolitic. Nevertheless, the high content of loss-on-ignition (L. O.1.) (up to 9%) demon-
strates that alteration reactions may have introduced a substantial amount of volatile materials.
It is believed that the volcanic beds in the Yixian Formation represent the altered remnants of
vitric fallout ash or clastics from large-scale explosive volcanism resulted from the late Mesozoic
extension tectonism in NE China (Xu, 1990). In addition, a volcanic ash sample (WL0) col-
lected from the coverture of fossil Confuciusornis sanctus Hou et al. was dated by K-Ar
method.
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ANALYTICAL METHODS AND RESULTS

For *© Ar/%Ar analyses, the samples were first crushed and desegregated by sieving in wa-
ter. Grains in the 140 to 250 pm fractions were ultrasonically cleaned in distilled water and
dried, and mineral grains were handpicked prior to neutron irradiation. All the samples were ir-
radiated along with the standard LP-6 Biotite in the V'T-C position at the THOR Reactor for 30
hours. After irradiation, the samples were completely fused with a Nd-YAG laser, and the gas
extracted from the samples were then analysed with a VG3600 mass spectrometer at the Na-
tional Taiwan University. The procedural blanks for the laser system are typically in the range
of 3-5 % 1077 mol of ** Ar. Dates were calculated from Ar isotopic ratios corrected for mass
discrimination, interfering nuclear reactions, procedural blanks, and atmospheric Ar contami-
nation. Argon isotope analyses of co-irradiated biotite standard LP-6 with a K-Ar date of 127.8
+0.7 Ma (Baksi et al., 1996) yiclded an integrated ] value (a measure of the production of
3 Ay from ¥ K during irradiation) of 0.003728 * 0. 00003517 for the neutron irradiation.
Results of ® Ar/%Ar laser single-grain dating are given in the Appendix and shown as age his-
tograms and 36 ArAAr-PArAr isotope correlation diagrams in Text-figs. 2 and 3. A sum-

mary of * Ar/*Ar dating results is given in Table I .

Table 1 Summary of *’Ar/*’Ar ages obtained from laser single-grain fusion experiments

-
sample | A9 Pence Me";‘&j)ge g Intereept | (earran) | MSWD
WLA1

Biotite | 136.2~155.4 147.115.5 146.8+1.5 147.942 1 289+14 1.65
Groundmass | 119.4~130.1 125.2+4.2 125.1+1.8 127.84+1.9 281+£39 1.54
WL2

Biotite | 137.2~146.7 | 142.5£3.6 142.2#1.8 | 142.0422 292+27 0.81
Groundmass | 116.1~127.2 120.8+3.1 120.0+1.1 112041000 ¥8FE1H1T 0.63

+ Errors cited are 1 standard deviation of the data spread.

As shown in Text-figs. 2A and 2C, biotites yield ages distributing in a range of 136 Ma -
155 Ma with a mean value of 147.1£5.5Ma for WL1, and 142.5+ 3.6Ma for WL2. These
mean ages agree with each other within 1g, and also with their respective total gas ages (146.8
+1.5 Ma for WL1 biotites and 142.2+ 1.9 Ma for WL2 biotites) (Table I). As shown in
Text-fig. 3A, data of WL1 biotites form a perfect linear array (MSWD=1.65) on the * Ar/
39 Ar and 3 Ar/*°  Ar correlation diagram and give an intercept age of 147. 9+2.1 Ma witha
40 Ay /Rr intercept [cited as (**Ar/°Ar)i] value of 289 £ 14. Whereas, regression ol the data
for WL2 biotites yields an intercept age of 142.2+2.2 Ma and a (**Ar/®Ar)i value of 292 £
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Text-fig.2 Histograms of * Ar/Ar ages for biotites (A and C),
and groundmass chips (B and D) in the volcanic rock samples (WL1 and WL2).

27 (with MSWD=0. 81) in the isotopic correlation diagram ( Text-fig. 3C). These intercept
ages and (**Ar/°Ar)i values are in perfect agreement with their respective mean age and total
gas age, and the atmospheric composition respectively (295.5) (Table [ ). Consequently, we
can conclude that the K-Ar isotope systems in biotites have not been significantly altered and
have been kept in closed condition since eruption of the host voleanic rocks. In contrast to bi-
otites, groundmass chips from samples yield much different mean ages between the samples
(Table ] ), as 125.2+4.2 Ma in WL1, and 120.8 £3.1 Ma in WL2. The data for ground-
mass chips in each sample are also scattering in a wider range with respect to that of biotites,
with some distribute in more then one mode ( Text-figs. 2B and 2D). In WL, the data for
groundmass chips yields a reasonable (“*Ar/*®Ar)i value (281) and an intercept age of 127.8 +
1.9 Ma in the isotopic correlation diagram, which are not much different from the atmospheric
composition and its respective mean and total gas ages respectively ( Text-fig. 3B and Table
1 ). However, regression of data for WL2 groundmass chips appear to indicate an intercept age
(112.1 £ 1.0 Ma) which is much different from its respective mean age and total gas age
(Text-fig. 3D and Table [ ). Additionally, the (**Ar/*®Ar)i value obtained from the isotope
correlation plots for the groundmass chips from WL2 is also much different {rom that expected
from atmospheric composition, although it is not apparent for the groundmass chips in WLI
(Table I ). Many possible factors (for instance, more than one population of samples, alter-
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Text-fig.3 ¥Ar/* Ar—¥Ar/* Ar isotope correlation plots for biotites and groundmass chips
in WL1 (A and B) and WL2 (C and D). Individual data are represented by solid circles with error ellipse in 2o.
The cubic least-squares fitting scheme oulined in York (1969) was employed in regressing the data.
Intercept age and (“CAr/ ¥ Ar); were calculated from the intercepts.

MSWD denotes the goodness of fitting.

ation reaction or excess argon effects) might cause such a discrepancy. However, high L. O. 1.
contents and petrographic texture of the samples strongly suggest that the alteration elfects
would be the most likely responsible factor because the isotope systems in the samples could be
significantly disturbed by alteration reactions through either gain or loss of K and/or Ar (Lo et
al., 1994). As to these regards, these young 40 Ar/%Ar ages for groundmass chips may not
be geologically meaningful, although they appear to be consistent with those reported by previ-
ous studies (Smith ez al., 1995; Swisher et al., 1999 ). Because of consistencies of
40 Ar/ Ar ages of biotites between two samples and the well preserved K-Ar systems in the bi-
otites, we believe the biotite ages would be relatively reliable in estimating the age of the vol-
canic bed indicated. With compiling all the data for biotites, a mean value of 145.3+4.4 Ma
and an intecept age of 147.111.8 Ma are obtained from the present results (Text-fig. 4).

A volcanic ash sample (WLO0) collected from the coverture of fossil Confuciusornis sanctus
Hou et al . was dated by K-Ar method. K-Ar dating for the ash samples was performed by us-
ing a VG1200 mass spectrometer for argon isotope measurements and a Rigaku RIX2000 X-ray

Fluorescence for K,O analyses. Triplicate X-ray Fluorescence analyses for the ash sample give a
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mean value of 3. 077% for K,O content. Duplicate isotope analyses yield radiogenic argon
(**Ar* ) contents of 1.516 and 1.529 x 10 3 ccSTP/g with a mean value of 1.523 (0.015)
% 1072 ccSTP/g and non-radiogenic ** Ar contents of about 8.9% . The mean contents of K;O
and ** Ar* would yield a K-Ar age of 147.3+3.3 Ma (TableIl ). Unfortunately, this K-Ar
age can not be conlirmed by further * Ar/°Ar analysis due to the limitation of the *° Ar/A%Ar
dating method in which irradiation of very fine-grained sample in the reactor often causes salety
and recoil problems. It is important to note that the obtained K-Ar age (147.3+3.3 Ma) for
the ash sample collected from the coverage of fossil Confuciusornis sanctus Hou et al . is per-
fect in agreement with the mean age (145.3+ 4.4 Ma) and the intercept age (147.1+ 1.8

Ma) for biotites, as discussed above.

DISCUSSION AND CONCLUSION

The perfect agreement between the obtained K-Ar age for the sample extracted from the
tulfaceous coverture of fossil Confuciusornis sanctus Hou et al. and the ages for biotite from
the volcanic beds, evidently suggests that the lower part of the Yixian Formation is Tithonian
(144.2 Ma—150.7 Ma) (Gradstein ez al., 1994) in age. This estimate is not only consistent
with the age inferred from several fossil records (ostracods, insects, birds and compsognathid
dinosaurs) (Zhang, 1985; Chen et al., 1998; Hou et al., 1995), but also agrees with some
previous radiometric dating results for the lower Yixian Formation cropping out in other areas
in NE China (Wang and Diao, 1984; Smith et al., 1998). It, however, is definitely much
older than recent published sanidine * Ar/*Ar ages (~124.6 Ma) and whole rock ** Ar/Ar
age (122.9+0.3 Ma) for the lower part of the Yixian Formation in the Beipiao areas and
Daxinfangzi (Swisher et al., 1999; Smith et al., 1995). The surprising agreement between
the mean * Ar/*’Ar ages obtained from the altered groundmass chips in this study and the pre-
viously published whole-rock and feldspar * Ar/*’ Ar ages (Smith ez al., 1995; Swisher et
al ., 1999) leads us to suspect that alteration effects may have played a role in lowering the ra-
diogenic age. Moreover, there is a Cretaceous volcanic dyke intruding into the fossil-bearing
horizon of the lower part of the Yixian Formation in the quarry of the fossil localities in Sihetun
(Wang et al ., 1998, pl.1, fig.2). The sample (P1 — 1, Swisher et a/., 1999) is near the
dyke and this late-stage (Cretaceous) thermal event could potentially disturb the radiogenic Sys-
tems in the Jurassic volcanic beds. Consequently, more cautious sampling, careful examination
ol possible thermal effects [rom late-stage magmatism and alteration would be crucial for future
work in dating the Yixian Formation.

The good agreement between the K-Ar age of 147.3 + 3.3 Ma for the volcanic ash from
the coverture of fossil Confuciusornis sanctus (bed 4). and the mean age (145.3 + 4. 4Ma)
and the intercept age (147.11 1.8 Ma) obtained from ** Ar/?Ar laser-probe dating of biotite
grains [rom the bed 7 in the lower part of the Yixian Formation strongly suggests that the low-
er part of the Yixian Formation in the Sihetun and Jianshangou areas is Tithonian (144 .2Ma —
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Table IT Results of K-Ar dating analyses

XRF Analysis Mass Spectrometry Analysis X
K0 (%) 0 ” K-Ar Age"
2 Ar* (ccSTP/g) Ara A
3.075 N 5 4 8.9 %
SRS 3 gi;r.;a:om e o :523(%63?5) x 10 8.9 % b
3.070 Sy il 1,516 (£0.015)x 10 AT i i s s |

_ £: K-Ar date is obtained by using the following equation and parameters:

A K
and Jiger, 1977). All the errors are given in 1o.

o dp
r:lln{[—l(%JH}, where Ag = 0.581x10-1%r 15 A = 5.543 x 10-10 yr}; 40K/K = 0.01167 atom % (Steiger

(after Lo et al., 1999 with slight modification)
150.7 Ma) in age as Compsognathus and Archaeopterye lound in Bavaria. It is not difficult to
imagine that by the time of late Jurassic some creatures with asymmetrical feathers ( Confuciu-
sornts, Liaoxiornis and Liaoningornis) flew in the air, while others ( Protarchaeopteryz,
Caudipteryx , and Sinosauropteryr) with symmetrical feathers on the arms and downy fila-

ments covering their bodies run speedily in the Chinese ”Jurassic Park”.
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Appendix: Results of 40Ar/3%Ar laser single-grain fusion experiments.

No. Atmos(%) 36ArB%r  3TAr3%r  3BAc3%Ac  40Ar39%r  40ArSGAr  Age (Ma)

WL1 Biotite
1102 21.22  0.19183E-01 0.87063E-02 0.44919E-01 0.26737E+02 0.13938E+04 136.2 * 3.9
1104  6.94 0.54938E-02 0.35608E-02 0.40771E-01 0.23402E+02 0.42596E+04 140.7 + 2.1
1202 7.40 0.59968E-02 0.24111E-05 0.38171E-01 0.23Y85E+02 0.39997E+04 1434 + 3.0
1204 1.93  0.15750E-02 0.38382E-05 0.33084E-01 0.24083E+02 0.15291E+05 152.1 * 3.0
1402 3.17  0.26240E-02 0.17717E-03 0.42702E-01 0.24469E+02 0.93249E+04 1525 + 2.6
1404 3,29 0.26872E-02 0.41967E-02 0.37126E-01 0.24121E+02 0.89761E+04 1503 £ 4.5
1406  2.79 0.23400E-02 0.77583E-02 0.36362E-01 (.24792E+02 0.10595E+05 155.0 + 4.1
1408 5.19  0.40629E-02 0.19359E-05 0.38382E-01 0.23179E+02 0.57050E+04 1419 £ 4.9
1602 10.19 0.83637E-02 0.38670E-01 0.43410E-01 0.24250E+02 0.28994E+04 140.7 £ 5.1
1604 0l  0.42019E-05 0.42019F-05 0.35552E-01 0.22135E+02 0.52680E+07 1429 % 6.5
1606 01  0.63849E-05 0.63849E-05 0.30313E-01 0.22996E+02 0.36016E+07 1482 + 3.8
1702 26.27 0.27861E-01 0.19382E-01 0.48543E-01 0.31365E+02 0.11258E+04 149.1 + 3.4
1703 1896 0.18292E-01 0.99795E-02 0.49448E-01 0.2853GE+02 0.15600E+04 149.1 + 2.1
1704  4.07 0.32522E-02 0.29648E-02 0.41306E-01 0.23629E+02 0.72655E+04 1462 + 1.9
1705 461 0.37748E-02 0.14184E-02 0.40118E-01 0.24210E+02 0.64134E+04 1488 + 2.4
1706 1.81  0.14223E-02 0.24006E-05 0.39131E-01 0.23300E+02 0.16382E+05 1475 t 2.5
1707 15.88 0.14003E-01 0.27150E-01 0.42675E-01 0.26076E+02 0.18622E+04 1417 * 4.3
1708 4.66 0.39933E-02 0.26477E-05 0.41186E-01 0.25333E+402 0.63437E+04 1554 % 3.6
1709 3.84 0.32099E-02 0.12083E-02 039116E-01 0.24756E+02 0.77124E+04 153.2 + 3.6
J-value = 0.0037280 = 0.000035170
Mean Age = 147.1+5.5Ma
Total Gas Age = 146.8 £ 1.5Ma

WL2 Biotite
2002 18.84 0.17122E-01 0.10661E-05 0.46568E-01 0.26887E+02 0.15704E+04 1410 + 2.6
2003 6.44 0.52742E-02 0.16861E-05 0.40897E-01 0.24240E+02 0.45961E+04 1463 + 5.4
2004 5.47 0.41487F-02 0.12260E-05 0.36648E-01 0.22444E+02 0.54099E+04 1372 + 2.9
2005 0.00 0.37522E-05 0.37522E-05 0.34578E-01 0.22876E+02 0.60968E+07 147.5 + 5.0
2006 4.82 0.38954E-02 0.29018E-02 0.44432E-01 0.2390SE+02 0.61366E404 146.7 £ 5.5
2102 18.11 0.16574E-01 0.84257E-02 0.4411913-01 0.27065E+02 0.16330E+04 143.1 £ 2.6
2103 3.35  0.25873E-02 0.97135E-02 0.35728E-01 0.22858E+02 0.88348E+04 1426 + 5.0
2104 1297  0.10824E-01 0.19410E-01 0.38394E-01 0.24686E+02 0.22806E+04 1389 £ 4.9
2202 01 0.68176E-05 0.68176E-05 0.42275E-01 0.22498E+02 0.33000E+07 145.1 * 6.2
2203 0.00 0.22184E-05 0.22184E-05 0.41782E-01 0.21191E+02 095522E+07 137.0 = 7.7
2204 76 0.56975E-03 0.36868E-05 0.41576E-01 0.22056E+02 0.38712E+05 1413 £ 7.1
2205 231 0.17806E-02 0.14466E-05 0.39191E-01 0.22784E+02 0.12796E+05 143.6 £ 6.4
J-value = 0.0037280 + 0.000035170
Mean Age= 1425+3.6Ma
Total Gas Age= 1422+ 19Ma

WL1 Groundmass chip

202 37.24  0.39119E-01 0.13210E+00 0.35058E-01 0.31043E+02 0.79355E+03 1264 + 6.7
203 594 0.43081E-02 0.77605E-01 0.14195E-01 0.21353E+02 0.49564E+04 130.1 1 3.7
216 330  0.23126E-02 0.38370E-01 0.14001E-0! 0.2068 1E+02 0.89425E+04 1296 * 2.0
523 12.00 0.84789E-02 0.30852E-01 0.13652E-01 0.20885E+02 0.24632E+04 1194 t 4.1
505 432  0.28887E-02 0.44977E-01 0.15356E-01 0.19690E+02 0.68163E+04 1223 £ 3.6
516 133 0.89544E-03 0.15212E-01 0.11590E-01 0.19896E+02 0.22220E+05 1273 t 2.3
507 1,73 0.11219E-02 0.22903E-01 0.10124E-01 0.19041E+02 0.16972E+05 1215 + 5.9
J-value = 0.0037280 + 0.000035170
Mean Age= 125.2+42Ma
Total gas age = 125.1+ 1.8 Ma
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WL2 Groundmass chip

827 9.96 0.66817E-02 0.29573E-01 0.13555E-01 0.19831E+02 0.29680E+04 116.1 * 1
809 A1 0.57524E-03 0.16Y39E-01 0.11922E-01 0.18663E+02 0.32444E+05 120.1 * 1
810 -01  0.40172E-05 0.31474E-01 0.12444E-01 0.18224E+02 0.45360E+07 1184 + 2
811 04 0.29543E-04 0.11750E-01 0.12115E-01 0.18421E+02 0.62351E+406 119.6 1 1
812 0.00 0.62826E-06 0.95985C-02 0.11392E-01 0.18899E+02 0.30082E+08 122.7 £ 1
9202 1.22  0.78232E-03 0.31081E-01 0.14031E-01 0.18843E+02 0.24086E+05 1209 + 1
%03 2.09  0.13452E-02 0.30975E-01 0.13219E-01 0.18951E+02 0.14088E+05 1205 +£ 1
904 173 0.11156E-02 0.18844E-01 0.12374E-01 0.19036E+02 0.17063E+05 1215 + 1
905 1.61  0.11073E-02 0.92592E-01 0.13120E-01 0.19947E+02 0.18015E+05 1272 % 2

J-value = 0.0037280 £ 0.000035170
Mean Age = 120.8+3.1 Ma
Total gasage= 120.0% 1.1 Ma

Note:
J-value: Weighted mean of one fusion of irradiation standard LP-6 Biotite, having a K-Ar age of 127.8 &
0.7 Ma (Baksi et al., 1996).

The date is UbldlllLd by using the following equations:
40

Date = —1n(1+J’ L ), and
A Ary

“prs  [CAr/MAr] 2955 Ar/MAr] +295.5 A/ "Ar] [TAr/CAr] T oA
Ar, 1=["Ar/ar] [TAr/Var], %

where [ ea and [ Jg = isotope ratios of argon extracted from irradiated calcium and potassium salts
(values cited in the text) and [ ], = isotope ratio of argon extracted from irradiated unknown.

Age (Ma)=the date calculated using the following decay constants: Ay = 0.58 1x10-10yr -1,
Ap=4.962x10-1% yrl; A = 5,543 x 1019 yrl; WK/K = 0.01167 atom % (Steiger and Jager, 1977).

Mean age is calculated by the mean of all obtained apparent age; whereas, the total gas age is calculated
from the sum total gas from all analyses,

The quoted error is one standard deviation and the error estimate doesn’t include those for the irradiation
monitor and interference correction paramelers.
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