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1. INTRODUCTION 

This chapter is a compilation of physical constants 
that pertain to the application of long-lived radioactive 
isotope systematics in the earth sciences. Literature 
reviews ate included for determinations of radioactive decay 
constants and stable isotope ratios for eleven parent- 
daughter decay pairs including K-Ar, K-Q Rb-Sr, La-Ce, 
La-Ba, Sm-Nd, Lu-Hf. Re-Os, 235U-Pb, 238U-Pb, and 
Th-Pb. Decay constant data for subsets of these eleven 
isotopic systems have previously been reviewed by 
Aldrich and Wetherill[2], Wetherill [84], and Gale [22]. In 
1976 the International Union of Geological Sciences - 
Subcommision on Geochronology (hereafter IUGS-SOG) 
met in Sydney, Australia and agreed to adopt a stand‘ard set 
of decay constants and isotopic abundances for the five 
isotopic systems in common use at that time (K-Ar, Rb- 
Sr, 235U-Pb, 23*U-Pb, and Th-Pb). These 
recommendations were published by Steiger and Jager [76] 
and have been included in the following chapter. Six 
additional isotopic systems have come into more common 
use since that time largely due to advances in the 
analytical techniques used for isotopic analysis. Data for 
these six isotopic systems are reviewed in detail and 
recommendations are made for the adoption of a common 
set of decay constants and isotope ratios for all eleven 
systems. Recent reviews of the applications of long-lived 
radioactive isotope systematics in the earth sciences are 
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provided by Faure [191, Bowen 151 and Geyh and 
Schleicher [24]. 

1.1. Decay Equations 
The rate of decay of a radioactive nuclide is 

proportional to the number of parent atoms (Np) present 
at any given time. Thus we can write the relationship 

dNp/dt=-hNp (1) 

where 3L is a decay constant specific to a given parent- 
daughter pair. For a closed system the expression c&an be 
written with respect to the number of daughter isotopes 
VD) as 

dND/dt=hNp. (2) 

In the case of branching decay, where a parent nuclide (P) 
decays to two daughter nuclides (D’ and D” with decay 
constants h’ and h”) the expression becomes 

dNp/dt=-h’Np-h”Np=-31Np (3) 

where h= h’+h”. 

Integration of equations (1) and (2) from some time 
zero (0) (when the isotopic decay clock is started) to the 
present time (t) yields 

Np(t) = Np(0) e-k (4) 

ad 

ND(t) = ND(O) + Np(0)[le-ht] 

which can be combined to give 

(5) 
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ND(t) = ND(O) + Np(t)[eht-11. (6) 

Similarly, for branched decay we obtain 

ND*(t) = ND’(O) + (h’A)Np(t)[eht-11 (7) 

Equation 6 can be solved for t yielding the so-called “age 
equation” 

t = 1A In [(ND(t) - ND(O)) / Np(t) + l] 03) 

Thus, the age of a geological event can be determined for a 
closed system by measuring ND(t) and Np(t) in a sample 
in the laboratory if the value for ND(O) can be either 
assumed to be zero or determined using an isochron. 
Isochron determination of ND(O) can be accomplished if 
the element corresponding to D also has an isotope I 
(index isotope) that is not affected by radioactive decay 
(i.e., no radioactive precursor). In this case 

N(t) = W(O) (9) 

and by substitution, equation 6 may be written in the 
following form which is known as the “isochron 
equation” 

ND(t) /IWO = ND(O) / Nl(0) + Np(t) / NI(t) [eLt-11. (10) 

If we have two or more mineral or rock “systems” which 
had the same ND(O)Ml(O) we may solve for the age of the 
initial state. 

In addition to isochron ages, model ages are also 
frequently utilized in the earth sciences. A model age is a 
measure of the time at which a closed system last had the 
isotopic composition of a given model reservoir. They are 
calculated by setting the right hand side of equation 10 
equal to an expression describing the change of ND(t)&(t) 
in a model reservoir with time, and solving for t. Thus, 
model ages may be referenced to any reservoir for which 
ND(t)&+(t) can be estimated as a function of time. Model 
ages are frequently referenced to models for the isotopic 
evolution of the earth’s mantle to estimate the time at 
which crustal materials separated from a mantle reservoir. 

1.2. Experimental Methods and Background 
In order to apply radiometric clocks to problems in the 

earth sciences several physical constants must be known 
with a high degree of certainty. The most important 
parameters are the radioactive decay constant and the 
relative abundances of the nonradiogenic parent and 
daughter isotopes. Decay constants are usually reported in 

the literature as half-lives (Tt/2) which are related to the 
decay constants (A) by the following equation 

Tl/2 = In (2) / 1 (11) 

Half-lives can be measured using three general approaches. 
1. Laboratory counting experiments in which y, p or a 

particles emitted during radioactive decay are measured 
directly by scintillation counting, by proportional 
counting, in ionization chambers, or by other similar 
methods. 

2. Measurement of the amount of accumulation of a 
daughter nuclide in the laboratory during a fixed time 
period in samples enriched in the parent nuclide. 

3. Isotopic measurement of parent and daughter isotope 
ratios in geological samples and comparison of the 
isotopic evolution of an isotopic system with an 
unkuown (or poorly known) half-life to another isotopic 
system for which laboratory measurements of the half-life 
are available. 

Direct laboratory determinations are preferred over 
geological comparisons with other isotopic systems 
because they are independent of the ambiguities of 
geological interpretation and the necessary assumptions 
that rocks and/or minerals act as perfectly closed systems. 
High precision laboratory determinations have recently 
become available for all of the isotopic systems of interest 
and, therefore, geological comparisons of half-lives will 
be reviewed only for historical context. 

Precise measurements of the isotopic composition of 
parent elements and the nonradiogenic isotopes of daughter 
elements are critical in the determination of half-lives, the 
determination of geochronologic ages, and the correction 
of mass spectrometer isotope ratio measurements for the 
isotopic fractionation that occurs during analysis. For 
those elements that have more than two naturally 
occurring nonradiogenic stable isotopes, mass 
spectrometry data for each mass can be normalized to a 
known isotope ratio using an isotope fractionation law 
[e.g., 69, 841. The choice of the isotopic ratio used for 
normalization is, therefore, an important factor that must 
be considered for interlabontory comparison of the results 
of isotopic studies. For those elements that do not have 
more than two naturally occurring nonradiogenic stable 
isotopes, standard reference materials of known isotopic 
composition must be analyzed under controlled conditions 
to determine the level of isotope fractionation. Unknown 
samples are then run under identical conditions, and a 
mass fractionation correction is applied to tbe data. Thus, 
the choice of isotope ratios for interlaboratory standards 
for some isotopic systems (in particular U-Pb) are also 



constants that must be agreed upon for interlaboratory 
comparison of the results of isotopic studies. 

2. K-Ar AND K-Ca SYSTEMS 

40K undergoes branching decay by both beta decay (p) 
and electron capture (EC) in the following proportions by 
the four following paths 

(89.5%) 40K+40Ca + p- (1.32 MeV) 
(10.3%) 4oK-+40Ar (EC. 0.05 MeV) + y (1.46 MeV) 
(0.16%) 4oK+40Ar (EC, 1.51 MeV) 
(0.001%) 4oK+40Ar + p+(O.49 MeV) + 2ti1.02 MeV) 

As is the case with most of the isotopic systems discussed 
in this review, the 4oK decay constants have undergone 
numerous revisions as both counting methods and 
measurements of stable isotope ratios have undergone 
refinement. The usual experimental method has been to 
measure the gamma and beta activities of natural K b 
scintillation counting. The 4oK partial half-lives (T1/2 is 
and T1,zEC) are then calculated from the measured 
isotopic composition of natural K. Aldrich and Wetherill 
[2] reviewed the somewhat inconsistent literature on the 
partial half-lives of 4oK and suggested values (Table 1). 
which were widely used in geochronology until about 
1977. Following a more recent compilation of counting 
experiments by Beckinsale and Gale [4] and more precise 
determinations of the isotopic composition of K by 
Garner et al. [23] the IUGS-SOG [76] recommended 
revisions of the values (Table 1). which have been 
universally adopted. 

K has three natural isotopes with masses 39 (93.26%). 
40 (0.01%) and 41 (6.73%). Nier [59] measured a value 
for the abundance of 4oK = 0.0119%. which was used in 
geochronology until it was superseded by the higher 
precision measurement of 40K = 0.01167% by Garner et 
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al. [23]. Ar has three natural isotopes with masses 36 
(0.34%), 38 (0.06%) and 40 (99.60%). The isotopic 
composition of Ar in the atmosphere is an important 
reference value because it is used to correct Ar isotopic 
data for atmospheric Ar contamination and because 
atmospheric Ar is commonly used as a standard to 
determine mass spectrometer fractionation. This ratio was 
determined by Nier [59] to be 4oAr/36Ar = 295.5 and this 
value was adopted by the IUGS-SOG [76]. Ca has six 
natural isotopes with masses 40 (96.94%), 42 (0.65%). 
43 (0.13%),44(2.09%),46 (0.004%) and 48 (0.19%). Ca 
isotope ratios are normalized for mass spectrometer 
fractionation using a ratio of two non-radiogenic isotopes. 
Russell et al. [69] reviewed earlier work on Ca isotopic 
abundances and presented a new determination of 
42Ca/44Ca = 0.31221 using a double-spike technique, 
which was used for normalization in the K-Ca 
geochronologic study of Marshall and DePaolo [47]. In a 
subsequent study, Jungck et al. [30] measured a non- 
fractionation corrected value for the isotopic composition 
of Ca which corresponds to 42Ca/44Ca = 0.30870. The 
choice between these two normalization values for Ca is 
at this time arbitrary, but the discrepancy points out the 
need for the re-determination of the absolute isotopic 
composition of Ca through the use of a precisely 
calibrated gravimetric double-spike. 

3. Rb-Sr SYSTEM 

87Rb decays to 87Sr by emission of beta particles 
with energies ranging from 0.275 to co.015 MeV. 
Determination of the half-life by counting has proven to 
be experimentally difficult because of the large number of 
low energy beta particles in the decay spectrum. Early 
counting experiments yielded highly varying results (see 
compilation by Hamilton 1271). For many years one 
group of geochronologists used a value of Tl/2 derived 

TABLE 1. Summary of determinations of the partial half-lives of 4oK. 

Reference YGK Method T1/2p (lo9 yr) 

Aldrich and Wetherill[2] 1958 Review of counting exps. 1.185 1.469 
Lam et al. [37] 1965 y and B-counting on 

KI, NaI. and CsI 1.209 H.026 1.414 ti.003 
Beckinsale and Gale [4] 1969 Review of counting exps. 1.206 ti.010 1.413 ti.002 
Steiger and Jager [76] 1977 By convention 1.193t 1.397t 

t Recommended value. 
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from the counting experiments by Flynn and Glendenin 
[21], while another group used a significantly higher value 
of T1/2 estimated by Aldrich et al. [l] based on a 
geological comparison of Rb-Sr ages with U-Pb ages 
(Table 2). A more precise counting determination of T1/2 
was made by Neumann and Huster [55] which agreed more 
closely with the value of Aldrich et al. [ 11. Tera et al. [80] 
compared lunar K-Ar ages with Rb-Sr ages and found 
excellent agreement using the 87Rb half-life of Aldrich et 
al. [l]. Davis et al. [13] reported a value nearly identical to 
that of Neumann and Huster [55] based on an entirely 
different experimental method in which accumulation of 
radiogenic *‘Sr was measured in a sample of a pure Rb 
salt. In 1977 the RIGS-SOG [76] recommended adoption 
of the value of Neumann and Huster [55] that has been 
universally adopted (Table 2), although it was 
subsequently suggested by Minster et al. [51] that this 
value may be too low based on a comparison of Rb-Sr and 
U-Th-Pb ages of chondrites (Table 2). 

Rb has two natural isotopes with masses 85 (72.16%) 
and 87 (27.84%). The value of 85Rb/87Rb = 2.59265 
measured by Catanzaro et al. [9] was recommended by the 
RIGS-SOG for use in geochronology. Sr has four natural 
isotopes with masses 84 (0.56%), 86 (9.86%). 87 
(7.00%) and 88 (82.58%). The 86Sr/88Sr ratio of 0.1194 
measured by Nier 1571 is universally used for si isotope 
fractionation corrections and was recommended by IUGS- 
SOG [76] for use in geochronology. The value of Nier 
[57] is very close to the slightly higher precision value of 
86Sr/88Sr = 0.11935 (~0.00005) measured by Moore et 
al. [52]. 

4. La-Ba AND La-Ce SYSTEMS 

13*La undergoes branching decay by both beta decay 

(/3-) and electron capture (EC) in the following 
proportions by the two following paths 

(66%) 138La + 138Ba (EC, 1.436 MeV) 
(3%) 13*La + 13aCe + p- (0.789 MeV) 

Seven counting determinations of the electron capture and 
beta decay half-lives were made between 1951 and 1979 
yielding highly variable results. Sato and Hirose [71] 
determined the decay constants in 1981 with considerably 
higher precision than previous counting experiments 
(Table 3). Tanaka and Masuda 1781 reviewed the highly 
contradictory literature on counting determinations of the 
partial half-lives and suggested the use of weighted average 
values of all previous determinations after applying a 
correction for adsorption of volatiles to all previous 
studies except that of Sato and Hirose [71], who had 
already accounted for this factor,(Table 3). Norman and 
Nelson [61] measured values for the partial half-lives that 
were consistent with those of Sato and Hirose [71] and 
since these two determinations were of higher precision 
than previous counting experiments, they suggested that 
the values determined in the two studies should simply be 
averaged [62] (Table 3). Nakai et al. [53] made a 
geological comparison of the La-Ba and Sm-Nd 
geochronometers and suggested that the value for Tl12~~ 
of Sato and Hirose [71] was accurate. Dickin [ 151 made a 
geological comparison between the La-Ce and Sm-Nd 
geochronometers and suggested that the value for Tl,$ of 
Sato and Hirose 1711 was accurate. However, Tanaka et al. 
[79] argued on geological grounds that one sample should 
be excluded from the data of Dickin [ 151 and recalculated a 
new and significantly lower value of Tl,28 from the 
partial data set of Dickin [ 153 (Table 3). Masuda et al. [48] 
carried out another geological comparison between the La- 

TABLE 2. Summary of determinations of the half-life of *‘Rb. 

Reference YeiN Method TI/Z (lO1oyr) 

Aldrich et al. [I] 1956 Comparison with U-Pb 5.0 ti.2 
Flynn and Glendenin [21] 1959 Liquid scintillation counting 4.70 ti.10 
Neumann and Huster [55] 1974 4x proportional counting 4.88 kO.10 
Davis et al. [13] 1977 Accumulation 4.89 kO.04 
Steiger and Jager [76] 1977 By convention 4.88t 
Minster et al. [51] 1982 Comparison with U-Pb 4.94 ti.03 

t Recommended value. 
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TABLE 3. Summary of determinations of the partial half-lives of 138La. 

Reference YGlf Method Tl~~~(lO~~yr) -h/2p Cl@ yr) 

sat0 and Hiiose [71] 1981 y-counting on Ge(Li) and Ge 1.56 fo.05 3.02 fO.04 
Tanaka and Masuda [781 1982 Review of counting exps. 1.74 ti.13 2.95 f0.15 
Norman and Nelson [61] 1983a y-counting on Ge(Li) 1.58 ti.02 3.19 f0.22 
Norman and Nelson [62] 1983b Average of counting exps. 1.57 f0.05t 3.10 ko.15t 
Tanaka et al. [79] 1988 Comparison with Sm-Nd 2.59 
Masuda et al. [48] 1988 Comparison with Sm-Nd 2.50 
Makishima et al. 1461 1993 Comparison with Sm-Nd and Rb-Sr 2.98 f0.29 

t Recommended value. 

Ce and Sm-Nd geochronometers and recommended the use 
of another value for Tl,$, which is much closer to the 
value of Tanaka et al. [79] than the value of Sato and 
Hirose [71] (Table 3). Finally, Makishima et al. [46] 
carried out a geological comparison between the La-Ce and 
both the Sm-Nd and Rb-Sr systems and estimated a value 
for Tl,# that is entirely consistent with the recent 
counting experiments [61,71] (Table 3). Given the high 
precision and good agreement between the two recent 
determinations by counting experiments, it ‘is 
recommended that the average of the experimentally 
determined values of Sato and Hirose [71] and Norman and 
Nelson [61] be adopted, following the suggestion of 
Norman and Nelson [62]. 

La has two natural isotopes with masses of 138 
(0.09%) and 139 (99.91%). The most precise 
measurement of the 138La/13ta ratio was determined by 
Makishima et al. [45] to be 9.025 x 10,-4. Ce has four 
natural stable isotopes with masses 136 (0.19%) 138 
(0.25%), 140 (88.43%) and 142 (11.13%). Fractionation 
of Ce was corrected to a value of 13GCe/142Ce = 0.01720 
by most workers until Makishima et al. 1451 determined 
the isotopic composition of Ce with higher precision and 
recommended a new normalization value of 136Ce/142Ce 
= 0.01688. Ba has seven natural isotopes with masses of 
130 (0.11%). 132 (0.10%) 134 (2.42%). 135 (6.59%) 
136 (7.85%). 137 (11.23%) and 138 (71.70%). In the 
geochronologic application of the La-Ba system by Nakai 
et al. [53] a normalization value of 136Ba/137Ba = 0.6996 
was used, which is indistinguishable from the 
136Ba/137Ba value determined by Eugster et al. [18]. 

5. Sm-Nd SYSTEM 

1 47Sm decays to 143Nd by emission of an alpha 

particle with an energy of 2.314 MeV. Four high 
precision measurements of the half-life have been made by 
counting experiments and all are in close agreement 
within analytical uncertainty (Table 4). Lugmair and Marti 
[43] reviewed the literature on the half-life of 147Sm and 
suggested that the weighted mean of the four 
determinations be adopted for use in geochronology (Table 
4). 

Sm has seven natural isotopes with masses of 144 
(3.07%), 147 (15.00%), 148 (11.24%), 149 (13.82%), 
150 (7.38%). 152 (26.74%), and 154 (22.75%). The 
choice of normalization isotopes for Sm varies between 
laboratories with the most common values being those 
given by Wasserburg et al. [83] (148Sm/154Sm = 
0.49419) and Lugmair and Marti [43] (147Sm/152Sm = 
0.56081). Nd has seven natural isotopes with masses 142 
(27.13%), 143 (12.18%), 144 (23.80%). 145 (8.30%), 
146 (17.19%). 148 (5.76%), and 150 (5.64%). The choice 
of normalization isotopes for Nd also varies between 
laboratories and must be carefully considered when 
comparing Nd isotope data acquired in different 
laboratories because of the high precision necessary in 
many Nd isotopic studies. The most common 
normalization ratios are those of Lugmair et al. [42] and 
O’Nions et al. [63] (146Nd/144Nd = 0.72190). Lugmair 
and Marti [43] (t48Nd/144Nd = 0.241572). and 
Wasserburg et al. [83] (146Nd/142Nd = 0.636151). The 
first two normalizations are essentially equivalent, but the 
third is not and corresponds to a significantly different 
146Nd/144Nd ratio of 0.724134 [83]. Gale 1221 
recommended the universal adoption of the value of 
Lugmair and Marti [433, but in the ensuing ten years all 
three values have remained in common use. Data reported 
using different normalization ratios can be compared by 
applying a correction that can be adequately calculated 
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TABLE 4. Summary of determinations of the half-life of 147Sm. 

Reference YGU 

Wright et al. [86] 1961 
Dot&offer [ 173 1964 
Valli et al. 1821 1965 
Gupta and MacFarlane[26] 1970 
Lugmair and Marti [43] 1978 

Method 

Liquid scintillation counting 
Liquid scintillation counting 
Liquid scintillation counting 
Ionization chamber 
Review of counting exps. 

T1/2 (10%) 

1.05 fl.02 
1.04 ti.03 
1.08 ti.02 
1.06 ti.02 
1.060 ti.OO8t 

t Recommended value. 

from a simple linear fractionation law [e.g., 69, 831. To 
compare a 143Nd/144Nd ratio corrected to a value of 
146Nd/144Nd = 0.72190 with a 143Nd/144Nd ratio 
corrected to a value of 146Nd/142Nd = 0.636151, the 
latter value must be multiplied by a factor of 1.001550. 

6. Lu-Hf SYSTEM 

176Lu decays to 176Hf by emission of a 0.425 MeV 
beta particle followed by a cascade of gamma rays of 
0.401, 0.307, 0.202, and 0.088 MeV. Dixon et al. [16] 
reported that 176Lu also decays by electron capture to 
176Yb with a branching ratio of 3fl%. This finding has 
not been confiied or disproved by subsequent studies and 
has largely been ignored because of the long half-life of 
176Lu and tbe small portion (<3%) that decays to 176Yb. 
Thus, the branching decay is generally neglected and it is 
assumed that the total half-life of 176Lu is equal to the 

beta decay partial half-life. Determinations of the half-life 
by counting experiments in the 1960’s varied widely 
(Table 5), which led Patchett and Tatsumoto [64] and 
Patchett [65] to make a geological determination of the 
half-life by comparing a Lu-Hf whole-rock isochron for 
eucrite meteorites with a well-known age based on Rb-Sr, 
U-Pb and Sm-Nd isotope determinations (Table 5). An 
experimental study in 1982 by Sguigna et al. [75] utilized 
y-y coincidence counting methods and yielded a half-life 
that is nearly identical to the geologically derived value of 
Patchett [65] (Table 5). Due to the technical superiority of 
the experimental method of Sguigna et al. [75] and the 
close agreement with the value determined by Patchett 
[65], this value is recommended for use in geochronology. 

Lu has two natural isotopes with masses of 175 
(97.41%) and 176 (2.59%). A 17sLu/176Lu ratio of 
37.36 was measured by McCuIloch et al. [49], but this 
ratio was superseded by the higher precision measurement 

TABLE 5. Summary of determinations of the half-life of 176Lu. 

Reference YGU Method 

McNair [50] 1961 
Donhoffer [ 171 1964 
Brinkman et al. [6] 1965 
Sakamoto [70] 1967 
Prodi et al. [68] 1969 
Komura et rd. 1331 1972 
Norman [60] 1980 
Patchett and Tatsumoto [64] 1980 
Sguigna et al. [75] 1982 
Patchett [65] 1983 

y-counting on Nal 
Liquid scintillation counting 
y-counting on NaI, p on NaI, y-coincidence 
y-counting on Nal 
p-y coincidence counting on NaI 
y-counting on NaI and Ge 
y-counting on Ge 
Comparison with Rb-Sr, Sm-Nd, and U-Pb 
y-y coincidence counting on Ge 
Comparison with Rb-Sr. Sm-Nd, and U-Pb 

3.6 ti.1 
2.18 ti.06 
3.58 ti.O8* 
5.0 fl.3 
3.27 kO.05 
3.79 fo.03 
4.08 ti.24 
3.53 H.14 
3.59 +o.o5t 
3.57 ti.14 

* Mean of three determinations. 
7 Recommended value. 














