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Geophysical determination of the 138La bÀ decay constant
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The 138La b2 decay constant was determined geophysically. The isotopic growths of138Ce/142Ce and
143Nd/144Nd were examined from ancient igneous crystalline rocks. For the Ce isotope measurement, a newly
developed dynamic multicollector technique was applied. The crystallization age of the rocks was calculated to
be 2037613 Myr from the growth of143Nd. From the age and the growth of138Ce, lb of 138La was estimated
to be (2.3760.10)310212 yr21. This value is consistent with those of the latest twog-ray counting data of
lanthanum compounds within the analytical error.

PACS number~s!: 23.40.2s, 91.35.Nm, 91.65.Dt
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138La is one of the long-lived radioactive nuclides, whic
decays to stable138Ce and138Ba throughb2 decay and elec-
tron capture~EC! decay, respectively. The half-life of138La
was reported by many investigators by counting the radio
tivity of lanthanum compounds@1–11#. However, even after
Ge~Li ! detectors were introduced@6–9#, the half-lives ob-
tained before 1980 were scattered from 3.6831011 to 4.7
31011 yr for the b2 decay and from 1.8731011 to 2.34
31011 yr for the EC decay. In the 1980’s, two mutual
consistent results were obtained by Sato and Hirose@10# and
Norman and Nelson@11# by paying attention to the problem
of volatile impurities in the compounds. Their data see
most reliable, but this method has difficulty in determini
precise and accurate efficiencies of the detector. Becaus
the long half-life of 138La, a large volume of the compoun
is required to obtain precise data, which results in the diff
ence of geometry between the samples and standardg-ray
sources. To avoid this, a potassium compound is mixed
relative half-lives are determined against the well-kno
40K half-life. The 1460.8-keVg ray produced by the deca
of 40K is close to the 1435.9-keV EC decayg ray, but far
from the 788.7-keVb2 decayg ray. Therefore, it is difficult
to determine the precise and accurate partial half-life of
138La b2 decay.

The other method is the geophysical determination fr
ancient rocks. Cerium has four stable isotopes136Ce
~0.19%!, 138Ce ~0.25%!, 140Ce ~88.45%!, and 142Ce
~11.11%!. The 138La b2 decay constant can be estimat
from the isotopic growth of138Ce, if the ages of the rocks ar
known. The age is usually obtained using the decay of147Sm
to 143Nd because of the similar chemical property of ra
earth elements. The measurement of Ce isotope ratios
the comparison of the decay constants between the
methods were carried out by Tanaka and Masuda@12# first,
but the uncertainty of Ce isotope ratios was quite large. T
comparison was tried by several investigators. The value
tained by Dickin@13# from the whole rock analysis of six
metamorphic rocks was consistent with those of Sato
Hirose @10# and Norman and Nelson@11#. That of Masuda
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et al. @14# from three metamorphic rocks was more th
twenty percent higher. Norman and Nelson@15# and Tanaka
and Masuda@16# discussed the discrepancy between the t
methods. The problems of the radioactivity measurement
the calibration of detector efficiencies and relative atten
tion by self-absorption.

On the contrary, geophysical determination had a prob
in measuring precise Ce isotope ratios. Ce isotope rati
measured as oxide species (CeO1) to obtain a stable and
lasting ion beam and to reduce the isobaric interference
138Ba. The ion beam intensity of140Ce16O, which was usu-
ally more than 10210 A, was ignored to obtain a more precis
138Ce/142Ce ratio, because such a large beam intensity w
out of the detector~Faraday cup! linearity range. Thus, the
mass fractionation of138Ce/142Ce ratios during the measure
ment were normalized to136Ce/142Ce after removing the in-
terference ofn22Ce18O on the neighboringnCe16O. For the
correction of 18O, 18O/16O isotope ratio of Nier@17# or
Wasserburget al. @18# was used and considered as consta
The interference of140Ce18O on 142Ce16O was estimated
from a constant140Ce/142Ce ratio without considering its
mass fractionation.

Makishima and Nakamura@19# improved the precision of
138Ce/142Ce ratio using the static multicollector techniqu
which cancels out the fluctuation of ion beams. The ma
dependent fractionation was corrected to136Ce/142Ce
50.01688. They measured18O/16O ratio simultaneously and
found a gradual change of18O/16O ratio during the measure
ment. Thus, they pointed out the importance ofin situ
18O/16O measurement to obtain a precise138Ce/142Ce ratio.
Although the precision of138Ce/142Ce ratio was improved by
this technique, it is difficult to obtain accurate data beca
of the change of the relative Faraday cup efficiencies
amplifier gains through time.

Recently, I developed the dynamic multicollector tec
nique for Ce isotope ratio measurement with one order
magnitude smaller ion beam intensity compared with tha
Makishima and Nakamura@19#. The dynamic multicollector
technique is the most accurate technique among those
for the thermal ionization mass spectrometer~TIMS!, be-
cause it cancels not only the fluctuation of ion beams but a
the relative Faraday cup efficiencies and amplifier gains@20#.
Since the ion beam intensity of140Ce16O can be measured b
©2000 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW C 62 017601
applying this technique, thein situ interference of140Ce/18O
is correctly estimated. Also, the mass-dependent fract
ation is corrected more appropriately with140Ce/142Ce
57.941, not the small136Ce/142Ce ratio.

The growth of 138Ce in a closed system is expressed
the following equation using theb2 decay constant (lb),
the electron capture decay constant (lEC), present-day138Ce
abundance (138Cep), initial 138Ce abundance (138Cei), and
the crystallization ageT, which means elapsed time since t
sample became a closed system:

138Cep5138Cei1S lb

lb1lEC
D3138Lap3~e(lb1lEC)T21!.

~1!

If 142Ce is used as a reference isotope, this equation is
resented as

S 138Ce
142Ce

D
p

5S 138Ce
142Ce

D
i

1S lb

lb1lEC
D3S 138La

142Ce
D

p

3~e(lb1lEC)T21!. ~2!

The decay from147Sm to 143Nd is also written as follows
using the decay constant of147Sm (lSm):

S 143Nd
144Nd

D
p

5S 143Nd
144Nd

D
i

1S 147Sm
144Nd

D
p

3~elSmT21!. ~3!

By measuring these present ratios, the initial ratio and agT
are calculated by the least square fitting from more than th
data sets. By comparing these equations to the equation
straight line in the slope-intercept form (y5b1ax), we see
that the intercept on they axis is

b5S 138Ce
142Ce

D
i

or S 143Nd
144Nd

D
i

~4!

and the slope is

a5S lb

lb1lEC
D3~e(lb1lEC)T21! or ~elSmT21!.

~5!

Therefore, in some rock, coexisting minerals that have
same (138Ce/142Ce)i or (143Nd/144Nd)i and the same age ar
represented by points that define a straight line in coordin
of the measured (138Ce/142Ce)p and (138La/142Ce)p or
(143Nd/144Nd)p and (147Sm/144Nd)p . This straight line is
called an ‘‘isochron’’ because all points on a given line ha
the same age. Equation~2! is called the La-Ce isochron an
Eq. ~3! is the Sm-Nd isochron.

The experimental procedure is summarized briefly belo
Two ancient rocks were selected from South Africa. The
rocks are gabbros, which is a group of SiO2 poor crystalline
igneous rocks composed of plagioclase, pyroxene, and s
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minor minerals. No alteration was recognized by the mic
scopic observation of thin sections. This means that the g
bros are in closed system after the crystallization. T
Sm-Nd isochron and the La-Ce isochron of another gabbr
this area were investigated previously@12#.

The gabbros were crushed and sieved. After the siev
the grain size 40–100mm and 100–180mm were separated
into pure minerals, plagioclase, and pyroxene using their
ferent magnetism. Samples, weighing about 1 g, were
composed by HF, HNO3, and HClO4. The obtained solutions
were split into two aliquots; one was used for the measu
ment of 138Ce/142Ce and143Nd/144Nd ratios and the other on
for the determination of concentrations of La, Ce, Nd, a
Sm by the isotope dilution mass spectrometry. Each elem
was refined by cation exchange column separation using
and 2-methyllactic acid as eluents.138Ce/142Ce and
143Nd/144Nd ratios were measured with a TIMS, VG Sect
54-30. Details of the Ce isotope measurement will be
scribed elsewhere.

The obtained isotope ratios are shown in Table I and
147Sm/144Nd and 143Nd/144Nd ratios are plotted in Fig. 1~a!.
From Fig. 1~a! and Eq.~3!, the ageT was calculated to be
2037613 Myr ~all errors in this text mean one standard err
except as noted! with the initial 143Nd/144Nd ratio of
0.509 6460.000 01 usinglSm56.54310212 yr21 @21,22#.

FIG. 1. ~a! 147Sm/144Nd vs 143Nd/144Nd plot of the minerals and
whole rocks of the gabbros. The ageT was calculated from the
Sm-Nd isochron to be 2037613 Myr with the initial 143Nd/144Nd
ratio of 0.509 6460.000 01 from Eq. ~3! using lSm56.54
310212 yr21 @21,22#. ~b! 138La/142Ce vs 138Ce/142Ce plot of the
minerals and whole rocks of the gabbros. The slope and138Ce/142Ce
initial ratio were calculated to be 0.004 8660.000 21 and
0.022 573 360.000 000 9 from Eq.~2!, respectively.
1-2
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TABLE I. Isotope ratios of138La/142Ce, 138Ce/142Ce, 147Sm/144Nd, and143Nd/144Nd in mineral separates
and whole rocks from the gabbros. The errors of138Ce/142Ce and143Nd/144Nd are statistical errors which
have 95% confidence interval. The138La/142Ce and147Sm/144Nd ratios were calculated from the concentr
tion of La, Ce, Nd, and Sm using the isotopic abundances and atomic weights estimated by IUPAC@26,27#.
The uncertainty of138La/142Ce and147Sm/144Nd is 60.5% without including the uncertainties of the isotop
abundances and atomic weights.

Sample 138La/142Ce 138Ce/142Ce 147Sm/144Nd 143Nd/144Nd

plagioclase rich gabbro
whole rock 0.00408 0.0225955620 0.142 0.51154368
plagioclase~100–180mm! 0.00534 0.022600168 0.0698 0.51057066
pyroxene~100–180mm! 0.00211 0.0225835613 0.184 0.51207767
plagioclase~40–100mm! 0.00533 0.022598867 0.0747 0.51064166
pyroxene~40–100mm! 0.00229 0.0225839620 0.178 0.51202767
fine fraction (,40 mm! 0.00438 0.022594768 0.134 0.51145367

pyroxene rich gabbro
whole rock 0.00402 0.022591869 0.150 0.51165667
plagioclase~100–180mm! 0.00491 0.0225973613 0.0703 0.51056468
pyroxene~100–180mm! 0.00221 0.022584669 0.184 0.51210766
plagioclase~40–100mm! 0.00542 0.0226002612 0.0735 0.51064768
pyroxene~40–100mm! 0.00253 0.0225857617 0.188 0.51216267
fine fraction (,40 mm! 0.00437 0.022593469 0.139 0.51150766
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A program made by Ludwig@23# and namedISOPLOT, which
is a plotting and regression program for radiogenic isoto
data based on York’s algorithm@24#, was used for the calcu
lation of least square fitting throughout this study. The agT
obtained here agrees well with that of Tanaka and Mas
@12#. This age is also consistent with the age calculated fr
another long-lived radioactive nuclide87Rb @25#. The good
agreement of ages calculated from different nuclides wh

TABLE II. 138La b2 decay constants reported after 1980 a
in this study. Those of the geophysical determination were modi
with the latest IUPAC report@26,27# and recalculated by a regres
sion programISOPLOT @23# by comparing the slopes of the La-C
isochrons with the ages obtained from the Sm-Nd isochrons.
Sm-Nd isochron age of Tanaka and Masuda@12# was recalculated
and 2051645 Myr was used. Also, 2631689 Myr and 2602
6149 Myr were used for Makishimaet al. @29#. The error of all
recalculated values is 1s. The uncertainty of 138La/142Ce and
147Sm/144Nd were assumed to be60.5%. Those of the radioactivity
measurement were also modified by the latest reports. The e
size of Sato and Hirose@10# was modified according to the discu
sion of Norman and Nelson@15#.

Year Reported value Recalculated value
(10212 yr21) (10212 yr21)

1981 @10# 2.3060.03(1s) 2.2760.15
1982 @12# 2.9760.51
1983 @11# 2.1760.15(1s) 2.1560.15
1987 @13# 2.2460.14
1988 @14# 2.7760.21(2s) 2.8660.11
1991 @29# 2.3360.24(2s) 2.4160.14

This study 2.3760.10
01760
e

a
m

h

have different chemical properties means that the gabbro
this area has been in closed system since its crystallizat

The isotope ratios of138La/142Ce and 138Ce/142Ce are
plotted in Fig. 1~b!. The slope and initial ratio were calcu
lated from Eq. ~2! to be 0.004 8660.000 21 and
0.022 573 360.000 000 9, respectively. From the slope, t
138La b2 decay constant was calculated on the assump
that the ageT of the La-Ce isochron should agree with th
of the Sm-Nd isochron, whilelEC54.39310212 yr21 was
applied from the weighted average of the latest twog-ray
counting data@10,11#. Even iflEC changes 10%,lb changes
less than 0.1%. Therefore,lEC can be treated as constant. A
the result, lb was calculated to be (2.3760.10)
310212 yr21 from Eq. ~5!.

The geophysically determined138La b2 decay constant
values are summarized in Table II. These values were re

FIG. 2. Comparison of recalculated138La b2 decay constants
reported after 1980. Solid circles represent the geophysical dete
nations. Open circles represent the radioactivity determinatio
The solid line means a weighted average values oflb which were
determined from the three data@10,11,29# and this study, equivalen
to (2.3260.06)310212 yr21.
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BRIEF REPORTS PHYSICAL REVIEW C 62 017601
culated with ISOPLOT by comparing their slopes of the
La-Ce isochrons with the ages obtained from their Sm-
isochrons. The Sm-Nd isochrons were also recalculated
this program, when data were available. Isotope abunda
and atomic weights of the elements were modified with
latest reports of IUPAC@26,27#. The results are shown in
Table II and Fig. 2 together with the latest twog-ray count-
ing data @10,11#. The size of error is comparable exce
Tanaka and Masuda@12#. The result of Masudaet al. @14# is
apparently different from the other data. Their isochrons c
sist of only three points. A regression line calculated fro
three points may be unreliable fundamentally. In this resp
their original estimation of uncertainty which should ha
95% confidence interval is too small. The result of Dick
s
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@13# is consistent with those of the radioactivity measu
ment, but he pointed out in his book@28# that some rocks
became open system after the crystallization.

Based on these assessments, only the geophysical d
minations of the138La b2 decay constant done by Mak
ishimaet al. @29# and this study should be reliable, as the
values were calculated through appropriate sample selec
and adequate number of data sets. These two values are
sistent with the latest twog-ray counting data@10,11# within
the error. The weighted average value of these four dat
(2.3260.06)310212 yr21.
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