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K-Ar ages have been determined by the 4°Ar]39Ar total fusion technique on 19 terrestrial samples whose con- 
ventional K-Ar ages range from 3.4 my to nearly 1700 my, Sample materials included biotite, muscovite, sanidine, 
adularia, plagioclase, hornblende, actinolite, alunite, dacite, and basalt. For 18 samples there are no significant dif- 
ferences at the 95% confidence level between the K-At ages obtained by these two techniques; for one sample the 
difference is 4.3% and is statistically significant. For the neutron doses used in these experiments (~4 × 1018 nvt) 
it appears that corrections for interfering Ca- and K-derived Ar isotopes can be made without significant loss of pre- 
cision for samples with K/Ca > 1 as young as about 5 × 105 yr, and for samples with K/Ca < 1 as young as about 
107 yr. For younger samples the combination of large atmospheric Ar corrections and large corrections for Ca- and 
K-derived Ar may make the precision of the 4°Ar/39Ar technique less than that of the conventional technique unless 
the irradiation parameters are adjusted to minimize these corrections. 

1. In t roduct ion 

The new 4°Ar/39Ar technique of  K-At dating has 
generated considerable interest in geochronology and 
the possible applications of this approach are current- 
ly being explored in several laboratories. In this tech- 
nique a known fraction of  the 39K in a rock or mineral 
sample is converted through an n,p reaction to 39Ar 
by irradiation with fast neutrons and the age is calcu- 
lated from the ratio 4°Ar/39Ar. The method has two 
variations, the total fusion technique, in which the 
sample is total ly fused after irradiation and all of  the 
Ar released is analyzed in a single experiment ,  and the 
incremental heating or age spectrum technique, in 
which the Ar is released by stepwise heating and 
which results in a series of apparent ages for one 
sample. This latter variation is useful in special cases, 
for example,  where some Ar has been lost in a post- 
crystallization thermal event [ 1 ,2 ] .  This paper is con- 
cerned only with the total  fusion approach.  The prin- 
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cipal advantages of this new technique over the con- 
ventional technique are that only a very small sample 
is needed, problems of  sample inhomogeneity are 
eliminated, and no elemental abundance measurements 
are required [3, 4 ] .  

The 4°Ar/39Ar technique was first suggested by 
Sigurgeirsson [5] ,  who not  only described the basic 
technique for total  fusion ages but predicted that un- 
desirable Ar isotopes derived from neutron interac- 
tion with Ca and K would pose difficulties for dating 
young rocks. Sigurgeirsson's paper is in Icelandic, 
however, and a more readily available reference is that 
of Merrihue [61 to whom the method is generally at- 
tr ibuted. 

The total fusion 4°Ar/39Ar technique has been 
used with considerable success on both meteorites [7] 
and on terrestrial materials [3, 8, 9] .  One difficulty 
with this technique is the production of  undesirable 
or interfering Ar isotopes (36Ar, 39Ar, and 4°Ar) by 
neutron reactions with calcium and potassium. 
Mitchell [3] found that 4°Ar/39Ar technique K-Ar 
ages on high K, low Ca samples agreed well with those 
determined by the conventional technique and con- 
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cluded that the 4°Ar/39Ar technique could be success- 
fully applied to minerals as young as 1 my old pro- 
vided their K/Ca ratio was greater than one. Berger 
and York [9] applied the technique to a 1 billion- 
year-old basalt and concluded that basaltic rocks 
more than 100 my old could be dated without ap- 
preciable interference from undesirable Ar isotopes. 
Brereton [ 10] suggested a way in which appropriate 
corrections could be made for these interfering Ar 
isotopes, but did not apply them to age data. Turner 
[4] has shown theoretically that these corrections 
can be minimized, if not eliminated, for samples of 
any age and K/Ca ratio by appropriate choice of irra- 
diation parameters; this approach, while theoretically 
correct, may suffer from some practical difficulties 
that will be discussed later. 

Although various authors have discussed the prob- 
lems and methods of  making corrections for un- 
desirable Ar isotopes, all of the published total fusion 
4°Ar/39Ar ages known to us have been obtained on 
materials for which these corrections were either 
small or negligible and could be ignored (i.e., old 
samples and/or samples with high K/Ca ratios). Thus 
the actual range of  applicability of  this technique, 
the limitations imposed by the corrections for Ca- and 
K-derived Ar isotopes, and the precision with which 
these corrections can be made have not been demon- 
strated experimentally. The purpose of our experiment 
was to test the applicability' of  the total fusion 
4°Ar/39Ar tecLnique of  K-Ar dating to samples of  
various ages and K/Ca ratios for which conventional 
K-Ar ages were available. No attempt was made to 
minimize the corrections for interfering Ca- and K- 
derived Ar [4] because we were primarily interested 
in determining whether or not these corrections could 
be applied successfully to materials commonly used 
for conventional K-Ar dating without introducing an 
unacceptable loss of  precision or accuracy. Through- 
out this paper we use the term conventional technique 
to indicate that Ar has been measured by isotope 
dilution and that K has been measured by one of the 
standard chemical or instrumental methods, such as 
isotope dilution, flame photometry,  or X-ray fluores- 
cence. 

2. Techniques 

Irradiations were made in the central thimble 

(core) of  the U.S. Geological Survey TRIGA reactor. 
The TRIGA is a light water-cooled and water-reflected 
reactor that uses U-ZrH fuel-moderator elements and 
is designed for continuous operation at 1 Mw. The 
cadmium ratio (total flux/fast flux for fast neutron 
energies greater than 0.4 eV) in the center of the core 
of  the reactor is 9.24, and the fast/thermal flux ratio 
is 1.17 for fast neutron energies greater than 0.6 MeV. 

The samples in this study were irradiated in four 
separate reactor experiments for 40 hr at 1 Mw and 
received a neutron dose of  approximately 4 × 
1018 nvt. During irradiation the maximum tempera- 
ture to which the samples are subjected is less than 
50°C. 

Each sample was sealed in air in a fused silica vial 
and the vials were arranged on one to three levels in 
an aluminum tube, seven vials, arranged in hexagonal 
symmetry, to a level. The samples ranged in size from 
about 0.1 to 0.5 g. A 160.2-million-year-old biotite 
was used as the flux monitor. This biotite, separated 
from a quartz diorite (sample 62ALe-l)  from the 
Meutian Range, Maska [11],  has 8.84 -+ 0.03% K20 
(13 analyses) and (2.183 -+ 0.006) X 10 -9 tool 
4°Arrad/g (14 analyses)where the analytical uncer- 
tainties are standard errors of  the mean. Each level of  
samples contained at least one monitor, placed in the 
center of the surrounding six samples. On four oc- 
casions, two monitors were used, one in the center and 
one on the outside. The data from these duplicate 
monitors were averaged and agreed within 1.7% or 
better; the small differences observed may be due to 
horizontal gradients in the neutron flux. 

The irradiated samples were fused in a conventional 
argon extraction system [12] and the purified argon 
was analyzed with either a 4½-inch radius Reynolds- 
type or a 6-inch radius Nier-type mass spectrometer. 
The measured isotope ratios were corrected for mass 
spectrometer discrimination, and the age of  the un- 
known sample (t u) was calculated using 

= ~ log e (1 +F'J) (1) t u 

where k, the decay constant of  4°K, is 5.305 × 
10 -1 o y r - l ,  and F = (4°Arrad/39ArK)u, which is the 
ratio of  radiogenic 4°At to K-derived 39Ar in the un- 
known. J is a function of  the age of  the monitor (tm) 
and of  the integrated fast neutron flux and is given by 
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e Xtm - 1 

J = (4OArrad/a9ArK)m 
(2) 

[ 13]. For samples that are sufficiently old and have 
high K/Ca ratios, the measured ratio 4°Ar/39Ar need 
be corrected only for atmospheric Ar contamination 
to obtain F. That is, 

F = A - C~ B (3) 

where A is the measured ratio 4°Ar/agAr, B is the 
measured ratio 36Ar/a9Ar, and C1 = 295.5, which is 
the 4°Ar/a6Ar ratio in the atmosphere. A more ge- 
neralized form of this expression, which takes into 
account the corrections for K-derived 4°Ar and Ca- 
derived 36Ar and 39Ar is 

F = A -CIB+C1 C2D-C3 
1 - C 4 D  

(4) 

where D -- the ratio 37Ar/39Ar in the unknown 
sample after correcting for the decay of 37Ar, and 
the correction factors for interfering Ar isotopes are 
C2 = (36Ar/aTAr)ca, C3 = (4°Ar/a9Ar)K, and C4 = 
(39Ar/37Ar)ca. The subscripts K and Ca refer to the 
ratio of Ar isotopes that is produced by neutron in- 
teractions with potassium and calcium, respectively. 
Eq. (4) is similar to the one derived by Brereton [10] 
except for a term in the numerator, C4C3D, which is 
on the order of 10 -6 and has been dropped because 
it is negligible. 

3. Correction factors for Ca- and K-derived Ar isotopes 

An inherent difficulty in applying the 4°Ar/39Ar 
technique is the necessity of applying corrections for 
Ar isotopes produced or removed during irradiation 
by reactions other than the 39K(n,p)SqAr reaction. 
The major reactions that will produce Ar isotopes in 
irradiated samples have been tabulated and discussed 
by Turner [4] and Brereton [10]. Turner [4] has 
shown that there are only three principal sources of 
interference - K-derived 4°At and Ca-derived a6Ar 
and 39Ar. 

Correction factors for Ca- and K-derived Ar pro- 
duced in the U.S. Geological Survey TR1GA reactor 

were determined by measuring the isotopic composi- 
tion of Ar produced in samples of irradiated Ca and K 
salts. The samples were analyzed before irradiation 
and, within experimental error, yielded Ar of atmo- 
spheric composition. Four samples of CaF2 optical- 
grade crystals and three samples of reagent-grade 
K2 SO4 crystals were irradiated for 80 hr at 1 Mw in 
the core of the TRIGA (~8 X 1018nvt). The samples 
were then fused and the purified Ar was analyzed on 
the mass spectrometer. The values obtained (table 1 ) 
lmve been corrected for the decay of 3TAr (half-life = 
35.1 days) during and after irradiation and for at- 
mospheric Ar contamination assuming that all of the 
36Ar in the irradiated K2 SO4 and all of the 4°Ar in 
the irradiated CaF2 were atmospheric. These assump- 
tions may not be correct but were made in order to 
compare our data on irradiated salts with those of 
other workers (table 1). It is important to note, how- 
ever, that the assumptions do not introduce any errors 
in the age calculations because their effect cancels out 
in eq. (4). 

The 4°Ar/a6Ar ratios obtained from the irradiated 
CaF: ranged from 15.8 to 58.8, indicating apparent 
percentages of atmospheric 36Ar (relative to total 
36Ar) ranging from 5.4 to 19.9. These atmospheric 
corrections are much smaller than those indicated by 
the data of Mitchell [3] and Berger and York [9]. 
The standard errors of the mean of our values for 
(36Ar/aVAr)ca and (39..6d'/37Ar)ca are 0.51% and 
0.35%, respectively (table 1). For the irradiated 
K2 SO4 the apparent atmospheric 4°At ranges from 
65.8% to 79.2% and the standard error of the mean 
for (4°Ar/a9Ar)K is 7.1%. Again, these atmospheric 
Ar contributions are lower by about a factor of two 
or more than those indicated by the data of other 
workers [3, 9],  but still further improvements would 
be desirable. We cannot compare our results with 
those of Brereton [10] because his data contain in- 
sufficient information. 

Because of the relatively small contribution of at- 
mospheric Ar to the CaF2 and K 2 SO4 analyses, it is 
possible to place useful upper limits on the production 
ratios (4°Ar/aTAr)ca and (36Ar/39Ar)K by neglecting 
the atmospheric Ar. 4°Ar can be produced from cal- 
cium by the 43Ca(n,a)4°Ar reaction. From nuclear 
systematics and natural isotope abundances Turner 
[4] has estimated a value of 3 × 10 -3 for 
(4°Ar/aTAr)ca. The lowest value measured by us for 
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Table 1 
Correction factors for Ca- and K-derived Ar. 
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(36Ar/aTAr)ca (39Ar/aTAr)ca (4OAr/agAr)K 
Reference Method X 10 -4 × 10 -4 

This work CaF2, K2SO 4 2.72 -+ 0.014 6.33 _+ 0.043 0.0059 ± 0.00042 
Brereton [ 10] CaF2, K2 SO4 2.47 -+ 0.088 7.19 ± 0.24 0.0123 ± 0.0024 
Berger and York [9] CaCO3, K2SO 4 2.7 _+0.3 8.5 ±0.4 0.031 ±0.007 
Mitchell [3 ] CaCO3, K2 SO4 2.1 30.1 0.0064 
Turner [I] Correlation diagram 8.0 ± 0.5 

4°Ar/37Ar from the CaF2 is 4.6 × 10 -3 which is in 
good agreement with Turner's estimate. 36Ar may be 
produced from potassium by the 39K(n, ct)36Cl reac- 
tion and subsequent decay of  36C1 to 36mr with a half 
life of  3 X l0 s yr. Turner [4] has estimated 

(36Ar/39Ar)K ~< 10 -6 At 

where At is the time in years since irradiation. Again 
neglecting atmospheric Ar contamination our lowest 
measured value of  36Ar/agAr for the K2 SO4 analyses 
is 3.4 X 10 -5 which, when corrected for the time 
since irradiation, gives an upper limit of 6 X 10 -4 At 
for (36Ar/39Ar)K. 

The values for Ca-derived Ar determined by us are 
in reasonable agreement with those of  other workers 
(table 1) considering the differences in neutron energy 
spectra for the various reactors. An exception is the 
value of  30.1 × l0  -4 reported by Mitchell [3] for 
(a9Ar/aTAr)ca , which appears to be anomalous, especi- 
ally since the experiments of  both Brereton [10] and 
Turner [ 1 ], who found lower values (table 1), were 
done in the same reactor. Values for 4°Ar/39ArK vary 
by a factor of  5, perhaps because of differences in the 
energy spectra of  the reactors used by different 
workers, or difficulty in m'aking large atmospheric Ar 
corrections, or both. The (4°Ar/39Ar)K ratio appears 
to decrease with increasing flux spectrum hardness as 
expected from nuclear systematics [4]. 

The magnitude of  the interference from K-derived 
4°Ar on the calculated age is a function of  integrated 
neutron flux and age [4]. For the 40ohr irradiation 
time used in this study, the interference produces an 
effect of  approximately 0.1 my at all ages. Even a 
10% error in the correction factor (4°Ar/aaAr)K 
would contribute a negligible uncertainty to the cal- 
culated age. 

The effect of  Ca-derived 39Ar is a function of  the 

K/Ca ratio of  the material and is independent of inte- 
grated neutron flux and essentially independent of  
age [4]. In our experiments, this interference produces 
an effect less than 1% for materials having K/Ca ratios 
as low as 0.05, and the effect is negligible for materials 
having high K/Ca ratios. Even a 50% error in the cor- 
rection factor (39Ar/37Ar)ca would contribute a ne- 
gligible uncertainty to the calculated age. 

The most serious interference is produced by Ca- 
derived 36Ar. This interference is a function of  inte- 
grated neutron flux, age, and K/Ca ratio. The effect 
of  the interference becomes larger as the integrated 
neutron flux increases, as the age of  material de- 
creases, and as the K/Ca ratio of  the material de- 
creases [,4]. For samples like those used in this study, 
the Ca-derived 36Ar can produce errors of  many 
hundred percent in the calculated age if a correction 
for the interference is not applied. Errors in the way 
in which this correction is applied may add significant 
uncertainties to the calculated ages and, as discussed 
later, may limit the precision of  the 4°Ar/agAr tech- 
nique for young samples with low K/Ca ratios. Even 
so, the error in the correction factor (36Ar/aTAr)ca 
(table 1) is probably negligible compared with the er- 
ror in measuring the relevant isotope ratios in a single 
unknown sample. 

4. Estimates of  analytical precision 

Systematic methods for estimating the analytical 
precision of  conventional K-At ages have been devel- 
oped [ 14, 15 ] and have proved invaluable in assessing 
the quality of  individual age data. We have developed 
a similar method for estimating the analytical error in 
K-Ar ages obtained by the 4°Ar/agAr technique that 
takes into account the errors introduced by the at- 
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mospheric Ar correction as well as the errors intro- 
duced by the corrections for interfering K- and Ca- 
derived Ar isotopes. If we neglect systematic errors in 
the correction factors (this is probably justified see 
preceding section) and consider only the nonsystematic 
errors in the measured isotope ratios of the sample, 
then the estimated error in F may be obtained by dif- 
ferentiating eq. (4) 

3F 3F ~F aFt- dF= ~ aA + ~ a B + ~ a O  (5) 

~: (1 C4D)AA -C1(1 -C4D)ZkB+[C4(A -CIB-C3)+C1C2] gxD 
(1 C4D)2 

(6) 

The quantity (1 - C 4 D )  - 1 and C4C3 is on the order 
of  10 -6 and is negligible, so eq. (6) can be simplified 
to 

zkF~  dF-~ 

z~kA -- Cx z~kB + [C4A - C1C4B + C1C2I 2xD .(7) 

The variance in ~ F  may then be approximated by 

A202A+C]B202B+[C4A-C1CaB+CIC21Z~2 u 0 D 
2 ~ F 2 0 F 

(8) 

where o~, o~, and @ are the estimated variances, in 
percent, of the isotope ratios A, B, and D, respectively 
[16] *. The estimated analytical error in the cal- 
culated age of the unknown can be obtained by using 
a similar approach on the 4°Ar/39Ar technique age 
eq. (1) with the result 

1 / 2  

O,u L- -d (9) 
U 

where the variances of F(OZF) and J(o~) are expressed 
in percent. This equation is equivalent to the one of  
Berger and York [9]. 

The analytical precision of  the 4°Ar/39Ar tech- 

* Our colleague, J.D.Obradovich, has suggested the alternate 
2 2 2  2 2 2  2 2 2  formoF~ [A oA +CIB OB+(CIC2+FC4) D OD]/ 

F 2 (1 - C4D) 2 , which, except for the simplifying assump- 
tions discussed above (i.e., C4C3 -~ O, 1 -C4D ~ 1), is 
equivalent. 

nique age data in this paper has been estimated using 
eqs. (8) and (9) and a figure of  1% for oj.  

5. Results 

The analytical data and the calculated ages for the 
samples studied are shown in tables 2 and 3, respec- 
tively. The ages obtained by the 4°Ar/39Ar technique 
have been calculated in two ways in order to show 
most easily the effect of  interfering Ar isotopes de- 
rived from Ca and K (table 3). The ages in the column 
headed 'uncorrected'  were calculated using eqs. (1) and 
(3), making the assumption that the only source of  in- 
terfering isotopes was atmospheric Ar. The ages in the 
column headed 'corrected' were calculated using 
eqs. (1) and (4), which take into account Ca- and K- 
derived Ar isotopes as well as atmospheric Ar conta- 
mination. Tile last three columns in table 2 contain 
data that show the approximate contributions to the 
argon mass spectra of Ca- and K-derived isotopes. 
These percentages were calculated with the assump- 
tion that all of  the 36Ar in the irradiated K2 SO4 and 
all of  the 4°Ar in the irradiated CaF2 were of atmo- 
spheric origin. 

In most cases, the 4°Ar/39Ar technique ages were 
measured on the same mineral concentrate as the 
conventional K-Ar ages used for comparison (table 3). 
Six of the conventional K-Ar ages, however, require 
some explanation. The age of Bern 4M does not appear 
to be well known, as reported values for this standard 
vary from 10.19 to 10.63% for K20 and from 2.115 × 
10 - l°  to 2.901 X 10 - l°  tool 4°Arrad/g. For the con- 
ventional K-Ar age we have used the means of  the 
K20 and Ar values compiled for the Colloquium on 
the Geochronology of  Phanerozoic Orogenic Belts 
held in Bern, Switzerland in 1969, which yield a K-Ar 
age of 17.6 + 1.4 my. Two Ar measurements (mean = 
2.863 × 10 -1° mol 4°Arrad/g) and three K20 (mean = 
10.38%) measurements previously reported by us [ 17] 
gave a calculated age of  18.7 my. A more recent argon 
determination in our laboratory gives a value of  2.747 
X 10 - l °  mol 4°Arrad/g and, using our earlier K20 
values, a calculated age of  17.8 my, which is in better 
agreement with the 'international' mean and with our 
4°Ar/39Ar age of  17.4 my. For B3203 we have cal- 
culated an age of  978 -+ 11 my from the values re- 
ported in the most recent compilation [18],  now 
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Table 2 
Analytical data for 4°Ar/39Ar technique K-Ar ages. 
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Measured ratios 
36 ** 39-- ** 

No. 40Ar/aaA r 37Ar/39A r ** 36Ar/39Ar J *  % 4°Ar;a~t % 4°Arl~* % Arca  % Arca  

P-207 5.56 0.00658 0.00485 0.01078 74.1 0.1 0 0 
P-207 4.22 0.00320 0.00215 0.01224 84.8 0.1 0 0 
Bern 4M 1 .484  0.00466 0.00229 0.01155 54.0 0.4 0.1 0 
ZL-3 61.8 0.0945 0.00322 0.01224 98.5 0 0.8 0 
B3203 55.3 0.0575 0.00236 0.01224 98.7 0 0.7 0 
W25 0.880 0.0220 0.00148 0.01078 49.7 0.7 0.4 0 
JHGR-671 3.87 0.0166 0.00147 0.01106 88.7 0.2 0.3 0 
W17 1.263 0.0602 0.00165 0.01078 61,3 0.5 1.0 0 
RC-DI B 0.450 0.00259 0.000246 0.01155 82.6 1.3 0.3 0 
8L-777 12.44 3.809 0.01069 0.01106 77.0 0 9.7 0.2 
H64-148A 3.08 8.25 0.00738 0.01202 50.5 0.2 30.4 0.5 
CAA-12 136.6 11.17 0.0607 0.01224 87.5 0 5.0 0.7 
64AE-98 14.86 24.19 0.0274 0.01155 58.6 0 24.0 1.5 
66CLe-18 8.79 4.12 0.00529 0.01155 85.9 0.l 21.2 0.3 
70-7 26.06 41.1 0.0777 0.01202 24.5 0 14.4 2.6 
199-127 3.43 0.00678 0.00852 0.01155 26.4 0.2 0 0 
69ACy-163b 3.54 0.0695 0.00174 0.01106 85.5 0.2 1.1 0 
W3 0.689 3.32 0.00207 0.01202 49.1 0.9 43.6 0.2 
509-62-5-7 0.816 1.502 0.00259 0.01078 20.3 0.7 15.8 0.l 

* Corrected for aTAr decay. 
** % 4°Arrad = percent a°Ar that is radiogenic, % 36ArCa = percent 36Ar that is Ca-derived, and so forth; calculated using as- 

sumptions discussed in text. 

nearly 10 years old. Four Ar and two K20 analyses 
of this standard done in our laboratory give a cal- 
culated age of 995 -+ 21 my [17], which still is not 
different from the 4°Ar/39Ar age at the 95% level of 

confidence. For biotite W25 we have reported two 
conventional ages for comparison. These are on bio- 
tite concentrated from separate hand samples collected 
at the same outcrop [ 19]. The 4°Ar/39Ar technique 

age was obtained using the same mineral concentrate 
that gave the conventional age of 9.35 my. For sample 
JHGR-671 we have obtained a 4°Ar/39Ar age on a 
mixture of plagioclase and sanidine in addition to the 
sanidine age shown in table 3. From the K20 values 
of this mixture and of the pure sanidine concentrate, 
we estimate that the plagioclase component  comprises 
between 17 and 24 weight percent of the sample if 
we assume that the plagioclase contains between 0.2 
and 1.0% of K20. The 4°Ar/a9Ar age on this mixture 
is 68.7 + 1.2 my, which is in good agreement with the 
4°Ar/39Ar age of 70.3 -+ 1.1 my for the pure sanidine 
concentrate. Conventional measurements on horn- 

blende sample CAA-12 yielded a calculated K-At age 
of 1622 my. However, additional K-Ar and U-Pb 
zircon data from the same rock and from other locali- 
ties within the same intrusive body indicate that the 
age of the pluton is about 1690 my [20] and it is this 
age that is used for comparison in table 3. The basalt 
sample 509-62-5-7 is from a hand specimen that was 
intensively studied by Dalrymple and Hirooka [21 ]. 
The conventional K-Ar age of 3.42 -+ 0.06 is the mean 
of 12 conventional K-At ages on small pieces from 
this hand specimen. The mean K-Ar age of seven dif- 
ferent hand specimens collected within a lateral dis- 
tance of about 3 km from the same basalt is 3.32 -+ 
0.07 my. 

Eleven of the samples studied have K/Ca > 1, and 
for these the corrections for Ca-derived Ar are either 
negligible or, for samples whose age is less than about 
! 0 my, small. For samples with K/Ca < 1 the correc- 
tions for Ca-derived Ar varies in severity but are signi- 
ficant for all but hornblende CAA-12 whose age is 
1690 my. Even for samples with ages of the order of 
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Table 3 
Comparison of 4°Ar/39Ar technique and conventional technique K-Ar ages. 

No. Material 
K/Ca.~ ̀ 4°Ar/39Ar ages* (106 years) Conventional ages 

(mol/mol) Uncorrected Corrected 106 years Ref. 

P-207 muscovite 136 82.1 82.0 -+ 1.4 81.0 +- 2.1 [22] 
P-207 muscovite 136 80.9 80.8 +_ 0.9 81.0 -+ 2.1 [22] 
Bern4M muscovite 79 17.5 17.4 ± 0.3 17.6 -+ 1.4 [23] 
Z[-3 biotite 18.2 1049 1049 _+ 10 1046 -+ 7 [24] 
B3203 biotite 56 964 964 -+ 8 978 -+ 11 [18] 

W25 biotite 17.5 8.94 8.86+ 0.18 {9.35 +- 0.37~ [19] 
- 9.01+ 0.27" 

JHGR-671 san±dine 25.3 70.4 70.3 ,+ 1.1 72.8 ,+ 1.5 t 
W17 san±dine 7.9 15.7 15.7 -+ 0.2 15.8 ,+ 0.40 [19] 
RC-DIB adularia 159 8.19 8.07 ,+ 0.10 7.74 ,+ 0.09 ~ft 
8L777 plagioclase 0.137 184.2 190.3 ,+ 2.2 193 -+ 6 t 
H64-148A plagioclase 0.063 20.2 35.1 ,+ 1.1 33.7 ,+ 1.3 t 
CAA-12 hornblende 0.054 1691 1707 ,+ 15 1690 [20] 
64AE-98 hornblende 0.026 141.8 183.2 ,+ 5.8 179 +- 5 [11] 
66CLe-18 hornblende 0.149 151.1 158.0 +- 3,8 157 -+ 5 [25] 
70-7 actinolite 0.142 69.0 143.2 ,+ 7.9 153 ,+ 6 [26] 
199-127 alunite 57.2 19.8 19.6 _+ 0.6 20.7 ,+ 0.4 [27] 
69ACy-163b dacite 6.85 62.2 62.2 _+ 0.7 62.5 ,+ 2 
W3 basalt 0.157 1.76 7.67,+ 0.30 7.43,+ 0.16 [19] 
509-62-5-7 basalt 0.32 1.03 3.36 ,+ 0.48 3:42 ,+ 0.06 [211 

* 'Uncorrected" ages were calculated using formula (3) assuming that all of the 36Ar was atmospheric At. 'Corrected' 
ages are corrected for K- and Ca-derived Ar isotopes and for atmospheric Ar using eqs. (1) and (4). The _+ figures 
for 4°Ar/39Ar ages are estimates of analytical precision at the 68% confidence level (see text). The + figures for 
the conventional K-Ar ages were taken from the reference cited; where not specified, we have assumed that they 
were a standard deviation of precision; those for the unpublished data were estimated using the method of Cox 
and Dalrymple [ 14]. 

** K analyses by flame photometry, Ca analyses by atomic absorption. 
+ U.S. Geological Survey, unpublished data. 

1~ Miles Silberman, unpublished data. 

108 yr,  these correct ions  are essential. For  example ,  

for hornblende  64AE-98,  the cor rec t ion  for Ca- 

derived 36Ar increases the calculated age by  more  

than 20% and brings the 4°Ar/39Ar technique  age into  

agreement  wi th  the convent iona l  K-At age (table 3). 

Even in the most  ex t reme example ,  basalt sample W3, 

where the correct ions  make  a difference in the age of  
many  hundred  percent ,  the 4°Ar/39Ar technique  age 

still is in sat isfactory agreement  wi th  the convent iona l  

t echnique  age. 
With only one excep t ion ,  there are no significant 

differences,  at the 95% conf idence  level, be tween  K-At 

ages ob ta ined  by the 4°Ar/a9Ar technique  and those 

obta ined  by the convent ional  technique.  For  adularia 
RC-DI B the two ages differ by 4.3% which is statisti- 

cally significant. 

Berger and York  [9] and Turner  [4] have claimed 

that  the potent ia l  precision of  the 4°Ar/39Ar techniqu~ 

is greater than the precision of  the convent ional  

m e t h o d  because the 4°Ar/39Ar technique  el iminates 

problems of  sample inhomogene i ty  and relies upon 

measurements  o f  isotope ratios rather than the meas- 

u rement  o f  isotope amounts .  In view of  this, it is 

wor thwhi le  to consider  the effect  o f  the correct ions  
for interfering Ca- and K-derived Ar on the precision 
of  the 4°Ar/a9Ar technique for our 40 hr irradiat ions 

in the U.S. Geological  Survey TRIGA.  Inspect ion o f  

eqs. (4) and (8) indicates that  uncer ta int ies  in t roduced  
by the correct ions for K-derived 4°Ar and Ca-derived 

39Ar will be very small or negligible for all but  very 

young  samples (<  5 × l 0  s yr). Uncer ta int ies  intro- 
duced by errors in the correct ion for Ca-derived 36Ar 



G.B. Dalrymple, M,A. Lanphere, K-Ar dating techniques 307 

are far more serious. In the two most extreme cases 
examined by us, basalt samples W3 and 509-62-5-7, 
this correction contributes about the same uncertain- 
ty to the calculated age as would a 75% atmospheric 
Ar correction. For W3 the calculated standard devi- 
ation (table 3) is still only a few percent and is not un- 
acceptably large compared with the calculated error 
for the conventional age measurement. For 509-62-5-7, 
however, the atmospheric Ar correction and the cor- 
rection for Ca-derived a6Ar combine to produce a 
calculated error that is significantly larger than the 
calculated error for a single age measurement by the 
conventional technique on the same material [21]. 
While the precision of this new technique is potential- 
ly better than the precision of the conventional 
method for samples with ages greater than about 
10 s yr or with high K/Ca ratios, this is probably not 
true for young samples (approximately < 10 v yr) 
with low K/Ca ratios. Here, large atmospheric Ar cor- 
rections and large corrections for Ca-derived 36Ar may 
sometimes combine to yield results that may have 
poorer precision than results obtained by the con- 
ventional K-At technique. 

Turner [4] has suggested that the corrections for 
interfering Ar isotopes can be made very small or neg- 
ligible by adjusting the irradiation parameters. For 
young rocks the integrated fast neutron flux must be 
decreased, which means that larger samples must be 
used in order to obtain 39Ar in sufficient quantity. 
As Turner points out, however, it is essential that the 
monitor and all parts of the sample receive the same 
integrated fast neutron flux. For larger samples, flux 
gradients within the reactor make this condition more 
difficult to meet than with small samples [4]. An- 
other practical difficulty is encountered when it is 
either more convenient or necessary to irradiate 
samples of different age and K/Ca ratio at the same 
time. The irradiation time cannot be adjusted to suit 
all of the samples, and this factor may be important 
for workers whose access to a reactor is limited. For 
most samples normally dated, we see no immediate 
difficulty or significant loss of precision in using a 
single, appropriate irradiation time for a variety of 
samples and simply applying the corrections for the 
interfering Ar isotopes. For samples with low K/Ca 
ratios and ages less than a few million years, however, 
careful adjustment of irradiation parameters [4] may 
be essential if the method is to yield satisfactory re- 

sults. It is worth noting that had basalt samples W3 
and 509-62-5-7 been irradiated a factor of 10 less, the 
effect of the corrections for Ca-derived isotopes on 
the precision of the analyses would have been greatly 
reduced and the precision of the calculated ages would 
have been comparable to the conventional analyses. 

In conclusion, we feel that the total fusion 
4°Ar/a9Ar technique can be applied successfully, 
without significant loss of precision, to all materials 
normally used for K-At dating and over nearly the 
entire age range encountered in most geochronologic 
studies. For older samples, the technique may be more 
precise than the conventional technique but this has 
yet to be demonstrated. The corrections for the inter- 
fering Ca- and K-derived Ar isotopes can be made 
easily and precisely once the appropriate correction 
factors are known. Provided that a reactor is readily 
available, the 4°Ar/a9Ar technique is technically 
simpler than the conventional technique because the 
necessity for an 38At tracer and for an independent 
potassium analysis is eliminated once an accurate 
monitor age has been determined by the conventional 
method. In our experience, the problems of handling 
the radioactive samples are minor. For very young 
rocks (< 106 yr) the applicability of this technique 
is less certain but the possibility, as yet untested, of 
significantly reducing the atmospheric argon contamina 
tion in such samples by incremental heating, as sug- 
gested by Merrihue and Turner [7], is promising. 
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