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Evidence of the doubleB decay of zirconium-96 measured in 1.8 10° year-old zircons
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Molybdenum extracted from geologically old zircons shows evidence for enhanced leV8lsmfresulting
from the doubles decay of®®Zr. Evidence of nuclear fission itMo, *"Mo, %Mo, and Mo extracted from
the old zircons accompanies the douplelecay of°Zr, and is comparable in magnitude to the exc&%so.
Zircons are excellent minerals for an experiment of this nature, since zircon U-Pb geochronology demonstrates
that zircons have remained as closed isotopic systems over eons of time. The experimental data indicate that
the half-life of °Zr double 8 decay is (9.4 3.2)x 10" yr and is in good agreement with the theoretically
predicted half-life for the®®Zr decay to%Mo occurring as a two neutrino decay.
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[. INTRODUCTION B decay over geological time. This geochemical method de-

pends on the mass spectrometric determination of stable

Double 8 decay is the rarest nuclear phenomenon in nadouble 8 decay products that have accumulated in geologi-
ture. In doubles decay, a nucleus undergoes a transmutatior¢ally old minerals. The geochemical method does not di-

from one element to another such that two electrons aréectly determine the decay mode as is possible in the direct
emitted rather than the single electron emitted in the moréletermination method. It indicates only the total decay prob-

commonly observed singlgg decay. All the parent and ability of the decay channels. _ -

daughter isotopes involved in doutgedecay are even-even 1 he geochemical method is most likely to succeed if little

nuclei. The pairing force acting between like nucleons isOf the daughter element was incorporated when the mineral
responsible for the increase in the binding energy of thesQf the parent element formed. The likelihood of this separa-

nuclei relative to the odd-odd isotopes, thus preventing{Ion occurring in nature is enhanc;ed if_the gepchemical ha-
single 8 decay. The basic instability of certaironly process ure of the doubled decay product is radically different from

nuclides(as determined by atomic mass dateontrasts with that of the parent element. Success also depends on the min-
: C : eral being geologically old and having survived intact over a
their present abundance distribution which can only be ex 99 giealy g

fong period of time so that detectable quantities of the

plained if doubles decay rates have an extremely small 4o ,ghter have accumulated in the mineral. Hard, high tem-
probability. For example, in the Zr-Ru mass region, Fig. 1neratyre minerals have a favored chance of surviving

shows thes-process neutron capture path frofZr to *“Ru emperature/pressure variations to which the minerals may
as well as the major nucleosynthetic processes for each of thgyye peen exposed during their geological history.
stable isotopes. Molybdenum has tweprocess nuclides  Geochemical measurements of doupldecay have, until
(®*Mo and **Mo), ones-process nuclide®Mo), three nu-  recently, been confined to the measurement of gaseous
clides which are produced by a mixture @&ndr processes daughter productéy gas source mass spectromgteyhich
(®**Mo, °"Mo, and ®*®Mo) and oner-only process only nu- have accumulated in old tellurium and selenium minerals.
clide (**Mo). This latter isotope doublg decays to'®Ru  The doubleg decay of1*°Te to 3Xe is a favorable experi-
whereas®Zr double 8 decays to®*Mo. mental situation becaus€®Te is the most abundant nuclide
There are two approaches to measuring the half-life of &f Te, old telluride minerals of high concentration are avail-
double 8 decay reaction. In the direct detection method, co-able, and the mass spectrometry of Xe can be carried out
incidence counting is used to measure the radioactivity at thevith high sensitivity. Inghram and Reynoldg] first esti-
energy value predicted from precise atomic mass measurenated the half-life of**°Te for doubles decay to be 1.4
ments [1]. The disadvantage of the radioactive countingx 10?* yr. Since that time, many°Te decay experiments
method is that intrinsically faster radioactivities, such ashave been carried out and a summary is given by Mal@]el
those associated with uranium or thorium decay, produce sigSimilar mass spectrometric determinations have been made
nificant backgrounds that may mask tedecay product. for 128Te and®2Se[3].
Instrumental experiments are designed to detect the electrons The major analytical shortcoming of the Te/Xe and Se/Kr
as they are emitted and are thus capable of not only measutecay systems is that their daughters are gaseous, and there-
ing the lifetime of the doublg8 decay, but also the electron fore may have suffered some leakage from the ore sample
energy spectrum. over the long time period since the minerals were formed.
The second approach to measuring the half-life of doubléviinerals of tellurium and selenium are particularly suscep-
[ decay reaction is based on the cumulative effects of doubléble to gas loss because they are soft, low temperature min-
erals that may have recrystallized and lost radiogenic Xe or
Kr during any deformation event or high temperature phase
*Permanent address: Department of Physics and Astronomy, Unsubsequent to mineralisation. Richardsenal. [4] have
versity of Calgary, Alberta, Canada. shown that gas retention ages are significantly less than min-
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eralization ages. Bernatowi al. [5], in a high precision than that of Xe extracted from telluride ores because of the
Te/Xe experiment, determined the ratio of half-lives for thealmost complete absence of U in tellurides. Kawashéal.
double B decays of *°Te/*?®Te to be (3.52:0.11)x10 %  [9] reported anomalous Mo af®™o, °Mo, °Mo, and
using techniques to reduce interference due to trapped Xé%Mo, which they assumed was due to nuclear fission. Since
Half-lives of the *°Te and %Te doubleg decays are (2.7 the spontaneous fission yields U for Mo have not been
+0.1)X 10°* yr and (7.7 0.4)x 10?4 yr, respectively. measured, Kawashimet al. [9] assumed that they approxi-
Doi et al. [6] list the various doublg8 decay schemes in mated to that of the thermal neutron fission%3fPu. These
terms of the available disintegration energies calculated fronauthors also reported a “strange excess®o, which they
their atomic massef7]. The magnitude of the half-life is were unable to explain. An additional challenge is the exis-
strongly dependent on the magnitude of the disintegrationence of isobaric interference of Zr at mass numbers 92, 94,
energy. The’®Zr/°®Mo double decay scheme is a favorable and 96 that overlap with the Mo isotopes being measured. In
experimental situation in that the disintegration energy availpractice, it is extremely difficult to remove Zr contamination
able for the reaction is 33503 keV, old zirconium-rich min-  completely from Mo extracted from zircon crystals. Since
erals (e.g., zircon and baddeleyjtare available, and com- one of the isobaric interferences occur$@o, which is the
mon Mo is not incorporated in the lattice of these minerals tdkey isotope in the determination of the doulgledecay half-
any great extent. life of 96Zr, this places stringent requirements on the chemi-
Twenty years were to elapse from the time Pauli sug-cal separation procedure.
gested the existence of a neutrino to the time when Inghram Despite these difficulties, the work of Kawashirafal.
and Reynold$2] determined the half-life of*°Te doubleB  [9] has shown that isotopic systems, other than those with
decay using gas source mass spectrometry, and a furthgaseous daughters, can be used to measure the half-life for
seven years before neutrinos were discové8idHowever, doubleg decay. The measured value of the half-life%6r,
it was not until 1993 that the half-life of doubj@ decay was reported by Kawashimat al. [9], is an exciting advance in
measured by thermal ionization mass spectrom@itilS).  doubleg decay measurements because of the implications of
A thermal ionization mass spectrometer procedure was dehe lower half-life to particle physics. However, Moe and
veloped to improve the sensitivity for Mo isotope analysis byVogel [10], in a review of double8 decay experiments, con-
the use of ion-enhancing media. This enabled Kawashimaluded that the half-life of®Zr is not as firmly established as
et al. [9] to report a value of (3:90.9)x10%° yr for the  half-lives obtained from the noble gases, and recommended
double B decay of °Zr by measuring exces®Mo in old  that another independent experiment should be performed on
zircon samples. The measured half-life f§Zr is approxi-  this doubleg decay scheme. This paper reports the result of
mately 70 times shorter than the half-life 8©°Te [5]. How-  such an experiment.
ever, it should be noted that theoretically predictefiTe
decay rates are generally 1 to 2 orders of magnitude faster
than the geochemically determined raf$ and there is at
least the possibility that geochemically determined half-lives Reagents used for the dissolution of the zircons and sepa-
for 3%Te are in errof5]. ration of molybdenum by ion exchange were prepared by
Zircons have a particularly tight lattice structure and thissub-boiling distillation and, in the case of HCI, by bubbling
property has been successfully exploited in U-Pb geochroHCI gas through ultra high purity water. The ultra high purity
nology because the radiogenic Pb has remainegitu over  water was prepared from tap water pretreated by reverse os-
extensive geological periods. It would therefore be expecteehosis prior to filtration by a Milli-Q water filtration system
that the solid daughte?®o generated by doubl@ decay (Millipore, MA). PFA Teflon beakers were refluxed with
from °Zr would also be retained in the zircon lattice, in aqua regia, followed by 4M HCI and Milli-Q water prior to
contrast to gaseous daughter products such*8e and use. All separations were performed in a clean room under
82Kr in tellurium and selenium minerals. However, the pres-HEPA-filtered air.
ence of U in zircons generates fission products that make the Separated zircon samples from the Yoganup Strand Line
mass spectrum of Mo extracted from zircons more complexvere obtained from mineral sand mining operations at Capel,

Il. EXPERIMENTAL PROCEDURE
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TABLE I. Mo isotope abundance ratios measured from a Mo metal laboratory standard. The ratios are
corrected for Zr isobaric interferenc®Zr/**Mo= 0.0064+ 0.0053). The data are not fractionation corrected.
Uncertainties in parentheses are at the 95% confidence interval.

94/92 95/92 96/92 97/92 98/92 100/92
0.6174(17) 1.0592(25) 1.1026(34) 0.6307(22) 1.5865(57) 0.6273(298)
Western Australia. The average age of the zircons was . RESULTS

(1.822+0.003)x 10° yr as measured by U-Pb dating tech-

niques. In order to redupe thg amognt of molybdenum in th%momalies resulting from nuclear decay processes, a terres-
form of molybdenum mlneral mplusmr(such as MoS), the sl baseline was established that represents the average mo-
sandg were washed pvernlght_ ina 3:1_solut|_on qf _HCI:I—jNO lybdenum isotope abundances found in common
and rinsed the following morning five times in Milli-QJ®.  molybdenum-containing minerals and compounds. Recent
The cleaned sands were crushed to a fine powder in an acifligh precision isotope abundance measurements of a number
cleaned zirconia ring mill. A carefully weighed amount of of molybdenum minerals and reagents have demonstrated
crushed sand was loaded into a Teflon lined acid digestiothat there are no significant terrestrial molybdenum isotope
bomb along wih 5 g HF and 1 g HN@ and placed into an abundance variationfl1,14). Therefore a sample from a
oven at 180 °C for one week. After digestion, the acid was99.993% pure molybdenum metal rod from Johnson Matthey
evaporated to dryness under an infrared heat lamp, the resthemicals Limited was chosen as the laboratory standard
due redissolved in 12M HCI, and again evaporated to dry{JMC 726 Laboratory No. S-85%5The molybdenum iso-
ness. This residue was redissolved in 0.7 g of 4M HCI andope composition of the metal rod can be taken as represen-
transferred to acid-cleaned 1.5 mL polypropylene centrifugdative of the terrestrial values and all isotope abundance data
tubes. The samples were centrifuged to separate any remai@ére reported relative to this laboratory standard.
ing silica particles. The supernatant was loaded directly on Trace amounts of?Zr, %4Zr, and %®Zr can constitute sig-
anion ion exchange resin, which had been equilibrated wittnificant isobaric interference td°Mo, %Mo, and “Mo.
4M HCI. Molybdenum and Fe were retained by the resinTherefore the’®Zr ion current was monitored throughout the
while it was washed with five column volumes of 4M HCI. data acquisition process to enable a correction for zirconium
Zirconium was eluted at this stage. Molybdenum and Fepresent in the standard and, more importantly, with the mo-
were eluted from the anion column by washing the resin withybdenum extracted from the zircon minerals. Zirconium cor-
two column volumes of 0.5M HCI. The eluate was collectedrections, appropriate for this study, were based on zirconium
in acid-washed Teflon beakers and slowly evaporated to dryisotope abundances measured for a zirconium nitrate labora-
ness. The residue was taken up in 0.3 g of 0.5M HCI andory standard. The zirconium isotope abundances were mea-
loaded on a cation ion exchange column that was previouslgured under identical analytical conditions as were present
equilibrated with 0.5 M HCI. Molybdenum was eluted from during Mo isotope abundance analyses. The molybdenum
the resin with two column volumes of 0.5M HCI and taken isotope abundance ratios measured for the Mo metal rod
to dryness, ready for mass spectrometric analysis. The exgiven in Table | were corrected for zirconium isobaric inter-
traction efficiency of the entire separation process was agerence based on the averad®&r/®Mo ratio of 0.0064
proximately 70%. The procedural blank, including ion ex- £0.0053 and the Zr isotope abundances listed in Table II.
change chemistry, was measured to be-20ng Mo by  This ratio was used to correct for the presence of Zr in the
isotope dilution mass spectromefr/l]. measured sample because only Zr appears at mass 90 and
The sample was loaded on a single Re filament with silicaonly Mo appears at mass 95.
gel and ascorbic acid to enhance ion production. The Re Three separate digestions of zircons from Capel, Western
filaments were outgassed thoroughly prior to sample deposiAustralia were analyzed and the isotope abundance ratios are
tion to ensure that a minimum of Mo background came frompresented in Table Ill. These data were corrected for zirco-
the filament material. The Re metal was attached to the filanium isobaric interference and the measuP&gr/**Mo iso-
ment posts using Mo-free welding equipment. The masgopic ion current ratio was<0.08 for each of the samples.
spectrometric procedure realized stable ion currents 6f1.0 Therefore the zirconium contribution to the measured
A from 100 ng of Mo measured with the Daly collector in a *®Mo/%?Mo ratio was=<0.5% for the three digested zircons.
VG354 thermal ionization mass spectrometer. Reproducibldhis low level of zirconium in the extracted samples is criti-
operating conditions including filament heating, filament _ _ _
temperature, and time-dependent mass fractionation, resulted TABLE Il. Zr isotope abundance ratios measured from a zirco-
in precise isotope abundance data from nanograms of molylﬂ‘-'um nitrate Iabgrgtory standard. The data are not fractionation cor-
denum. Details of the mass spectrometric procedure are d&Ected- Uncertainties in parentheses are at tiedel.
scribed elsewherEll]. The procedures employed in this in-
vestigation for Mo isotopepabundance m%a}s/urements havggzr/ Yz Yo Yar oz
been successfully applied to the measurement of Mo in mes.2170(18) 0.3298(15) 0.3298(26) 0.0528(8)
teorites[12] and geochemical reference materigl§].

In order to measure molybdenum isotope abundance
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TABLE lll. Fractionation corrected Mo isotope abundance ratios measured for Capel zircons. The ratios
are corrected for Zr isobaric interferences.

Sample 94/92 95/92 96/92 97/92 98/92 100/92

13/06B1 0.6174 1.0609 1.1091 0.6330 1.5906 0.6287
07/07S1 0.6174 1.0630 1.1097 0.6342 1.5972 0.6315
13/06B2 0.6174 1.0598 1.1075 0.6318 1.5880 0.6269

cal for an accurate determination of ti8Mo present from take into account the possible contributions of these other
the doublep decay of°®Zr and represents a significant im- sources:
provement over the previous work of Kawashietzal. [9]. Mineral inclusions.Common molybdenum present in the
The data in Table Il have also been corrected for in-runform of molybdenum minerals can mask the relatively
mass fractionation using the average measu¥ddo/®Mo ~ minute amount of daughter and fission products trapped in
ratio for the laboratory standard of 0.617ke Table)l the zirconium silicate lattice. Therefore the mineral sand
The relative differences in the Mo isotope composition ofsamples were washed with aqua regia prior to crushing and
the Capel zircon samples and Mo metal rod are given irfligesting the silicate matrix. Although it was not possible to
Table IV and plotted in Fig. 2 as deviations in parts percompletely remove all traces of nonradiogenic Mo, the small
thousand {/,,). Because all zircon samples and standard@mount of Mo remaining served as a baseline for the mea-
were measured under identical analytical conditions and onlgurement and identification of the radiogenic components.
relative isotope enrichments were required to quantify iso- The spontaneous fission &fU. The spontaneous fission
tope abundance anomalies, it was not necessary to normaligé *>%U is a significant source of molybdenum because the
measured Mo isotope abundance ratios to IUPAC isotop@&ircon samples from Capel, Western Australia contained
abundance data. 178+18 ppm U and Mo isotopes are near the peak of the
All three detrital zircon samples revealed significd®o ~ lower mass hump of the mass yield curve for the spontane-
enrichments of- 5.9/, +6.4/,,, and+4.4/,,, yielding  ous fission of?*3. In addition, the average age of the detri-
an average of- 5.6+ 1.0P/,,. Varying enrichments ifMo,  tal zircons used for the analysis was (1.822003)x 10° yr
%Mo, %Mo, and Mo were observed in these samples allowing sufficient time for measurable amounts?%U fis-
giving average values of-1.9/,,, +3.7%/,,, +3.4/,,,  Sion products to have accumulated, despite the long half-life
and +2.9/,,, respectively. This variability in the cumula- of 2**U spontaneous fission of 810" yr [16]. Therefore
tive fission yields of the molybdenum isotopes is not unex-the isotopes of*Mo, *"Mo, **Mo, and **Mo should show
pected since the zircons are detrital in nature, with a widgsome enrichment relative to the nonradiogenic, terrestrial av-
range of uranium content and affE5]. On the other hand, erage(Table ). It should be noted that®™o is not produced
the zirconium content of these detrital zircons is remarkablyoy the spontaneous fission 61U because®Mo is shielded
constant, although the ages of the zircons in the variouby the ®Zr nucleus. Although the absolute cumulative fis-
samples are somewhat variable. sion yields for Mo from?38U spontaneous fission are poorly
Younger zircons from India and Vietnam, of approximateknown, Rao[17] has measured the mass 97 fission yields
ages 506 10° yr and 600< 10° yr, respectively, were also using the radioactive decay ofZr to give a value of 6.1
analyzed for evidence ot°Zr double8 decay and U fission +0.4%. Because of this paucity of measured fission yields
products. However, no significant isotope abundance anomder % spontaneous fission for the Mo isotopes, Ka-
lies were detected since the samples were too young for anyashimaet al. [9] opted to use the cumulative yields for the
appreciable amount of daughter and fission products to havitéermal neutron-induced fission é#°Pu, which was judged
accumulated. to potentially resemble th&*®U spontaneous fission. Crouch
There are a several sources of Mo isotopes in zircon minf18] gives a yield of 5.54% for’’Mo from Z*%Pu thermal
erals, including mineral inclusions and products from theneutron-induced fission. We have adopted an absolute fission
spontaneous fission of*®U. An accurate determination of yield of 6.0+0.4% for ®Mo in this paper since’’Mo is
the amount of**Mo from the doubleg decay of%Zr must  adjacent to the doublg decay producf®™o and the fission

TABLE |V. Fractionation corrected Mo isotope abundance data measured for Capel zircons expressed in
permil deviations {/,,) from the laboratory standard. The ratios are corrected for Zr isobaric interferences.
Uncertainties in parentheses are at tiseelvel.

Sample 94/92 95/92 96/92 97/92 98/92 100/92
13/06B1 0.0 +1.6 +5.9 +3.7 +2.6 +2.4
07/07S1 0.0 +3.5 +6.4 +5.6 +6.7 +6.7
13/06B2 0.0 +0.6 +4.4 +1.9 +0.9 -0.5
Average 0.0 +1.9(1.5 +5.6 (1.0 +3.7(1.9 +3.4(3.0 +2.9(3.6
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+8

as the half-life of°*Tc is too short to have survived nucleo-
13/06B1 — g ol 13/06 B2 synthesis.
077 S Cosmic ray effectsThe detrital zircons used in this ex-
periment were originally minerals in the whole rock matrix
of granite rocks from the Yilgarn Craton and the Leeuwin-
Naturaliste Complex in Western Australia. During Mesozoic
times (60 to 200 million years agp weathering processes
released the zircons from these rocks into low-lying country
between the Dunsborough and Darling fay28]. More re-
cently, in the Pleistocene period, rises in sea level have al-
lowed these sandy sediments to be reworked and the zircons
concentrated in the heavy mineral deposits in beach sands
along the southwest coastline of Western Australia. Thus, for
Mass Number A most of their existence, the zircons have been embedded in
granite rocks or under beach sands. The flux of most cosmic
FIG. 2. Plot of Mo isotope abundance anomalies in zircon relaJ@ys is rapidly attenuated at the Earth’s surface so that it is
tive to a Mo metal laboratory standard, expressed in deviations ifnost unlikely that spallation reactions would have occurred
parts per thousand®f,,) as a function of mass number @2  in amounts that would have affected the productio?®o.
<100. On the other hand, muons can penetrate the surface, but there
are few spallation targets in zircons which have an abun-
dance sufficient to cause significant amounts of cosmic-ray
induced ®®Mo. The only elements in zircons with an abun-

dance greater than 1% are Zr, Hf, and Si.
Thermal neutron captureThermal neutron capture by

o5 . , _ %Mo from the double8 decay of*°Zr. The amount of
_ Mo may also contribute t_o the ob_served enrlchment_ in thegeMO produced by the doubl@ decay of %Zr was calcu-
isotope abundance ofMo in the zircon samples. This is

_ ) _ lated based on the amount 8fMo excess measured; the
especially true for zircons that contain trace amounts of Uegylt of the spontaneous fission 88U (Ty,=8.3x 105

that has Undergone fission over 1.82R0° yr. The radiative yr) The amount of U in the Samp|e was determined to be
capture cross section 8o is 23 times greater than that of 178+18 ppm by isotope dilution mass spectrometry and the
%Mo (14 b vs 0.6 b. Therefore given a source of thermal average age of the zircons was measured as (%82103)
neutrons 0.025 eVf over a long period of time’vo  x10° yr by U-Pb dating techniques. Based on the average
would accumulate. In order for thermal neutron capture to®’Mo enrichment measured for the zircon samples3(7
occur, the fast neutrons emitted in the spontaneous fission af 1.9/,,), the amount of Mo in the zircon produced by
233y would have to be thermalized in the zircons. Thisnuclear decay processes was calculated. Since the molybde-
would be a most inefficient process since no moderating-typaum decay products of both the spontaneous fissioff&f
elements make up the elemental composition of the zircorand the doublg8 decay of 9%zr have accumulated in the
The crystal structure of zircons is such that the rare eartzircon mineral lattice over the same period of time, the
elementyREE) can substitute for 2 and REE concentra- amount of “Mo from double 3 decay can be determined
tions increase rapidly for Sm to Lu. Two of the REE, Sm andbased on the amount 8fMo. The averag€®™o enrichment
Gd, have thermal neutron capture cross sections which ameasured was-5.6+1.0°/,,. The half-life of the double3
exceptionally high ¥*%Sm, 1%%Gd, and®’Gd have cross sec- decay of °Zr was then calculated based on the number of
tions of 40140 b, 60900 b, and 254000 b, respectively **Mo daughter atoms in the zircon, the number of parent
Cadmium also has a high thermal neutron capture cross se@®Zr atoms present, and the age of the sample. The number
tion of 20 600 b. Hinton and Uptofi9] have shown that the of °6Zr nuclei that has decayed #Mo is small compared to
REE concentrations in zircons from typical granite terrainthe total number of®Zr atoms present. Therefore the num-
are on the order of 2000 ppm, and that of Sm and Gd of théer of °Zr parent atoms originally present was based on the
order of 20 and 70 ppm, respectively. It is therefore unlikelymeasured abundance $%r (2.8%, calculated from the data
that sufficient thermal neutrons would be captured®®ylo in Table Il) and the amount of Zr present in the Capel zircons
to have any effect on the enhancement®®lo by thermal (48 wt%). The%Zr doubleB decay half-life determined in
neutron capture off°Mo. this study was (9.4 3.2)x 10'® yr. This result compares fa-
Electron capture of Tc isotopetn addition to the®®Mo  vorably with the theoretical two neutrino doubj@ decay
enrichment due to the doubj@ decay of °°Zr, Kawashima half-life of 8.5x 10'® yr reported by Moe and Vog¢l0] and
and co-workerg9] also observed an anomaly in the isotope5.2x 10' yr published by Dokt al.[6]. This is shorter than
abundance of®Mo. While the exact source of this enrich- the (3.9t 0.9)x 10'° yr half-life determined by Kawashima
ment was not determined, the authors did rule out electroet al. [9] for a zircon sample.
capture of®®Tc because of this isotope’s relatively short half-  Doi et al. [6] have listed the possible doubje decay
life of 4.2x10° yr [9]. Similarly, the production of®®o transitions for 35 naturally occurring nuclides as a function
from the electron capture b¥Tc is not a significant process of the available energy between the initial and final nuclear

+6 |

Deviation from Laboratory Standard (%)

-2

yield of ®’Mo has been measured fé#%U spontaneous fis-
sion, albeit with poor accuracy.
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theoretical value; fofSe some 43 times grea{&]; and for
9%7r some 7.5 times great¢®], but only 1.8 times for the
half-life determined in this work.

As discussed above, the daughter products of'tti@e,
13%Te, and®Se parents are both rare gases and there is the
attendant probability that?®xe, 13%e, and®Kr may have
partially escaped from the parent telluride and selenide min-
erals over the geological time frame involved. In compari-
son, ®Mo is a solid daughter product from the parent ele-
ment Zr, the major constituent of zircon. Zircons are ideal
minerals for this experiment in so far as the lattice structure
has been shown, through U-Pb geochronology, to tightly
contain any radioactive decay products.

*7n The present value for the half-life of the doulfedecay

of %Zr is in good agreement with the theoretically deter-
mined value of Dokt al.[6] and the discrepancy could well
be explained in terms of the uncertainties in the experimental
and theoretical values. This experiment therefore strongly
supports the two-neutrino mode of douledecay.

It would be possible to reduce the uncertainties of the
present experiment by using zircons extracted from a rock
ozt whose age has been dated>a8x 10° yr, rather than the
detrital zircons used in this experiment. If the absolute cu-
1017 mulative fission yields o spontaneous fission could be

0.01 01 10 10 measured, this would also remove an element of doubt on the

Decay Energy (MeV) yield of 6.0+ 0.4% used in this experiment. It would also be
advantageous to the arguments used in this paper if the half-
life of another doubled system with a solid daughter product
could be experimentally determined.
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10 ®25¢ Ref. [6]
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FIG. 3. Log-log plot of half-lives versus decay energies for sev-
eral doubleB decay systems. The data are provided in full in Ref.
[6]. Figure 3a) is an expanded view of the plot comparing data that
was obtained using geochemical techniques to theoretical values.

. IV. CONCLUSIONS
states. These energy differences have been calculated from

the atomic mass data of Wapstra and A(i2i]. A more Evidence for the doublg8 decay of °Zr to *®Mo was
recent compilation by Audi and Wapstid] does not signifi- found in zircon minerals from Capel, Western Australia.
cantly alter the decay energies used by [Boal. [6]. Doi Careful sample preparation and high sensitivity thermal ion-
et al. [6] list the corresponding theoretically determined ization mass spectrometric techniques were employed to pro-
double B decay half-lives for these nuclides. vide precise Mo isotope abundance data from three indi-
The decay energig@n MeV) are plotted against the theo- vidual zircon samples. In all cases, the results showed an
retically determined half-lives listed in Ref6] in Fig. 3.  excess amount of®™o and enrichments in the isotope abun-
There is an obvious correlation between the two parameterstances of**Mo, Mo, %Mo, and ®Mo. The latter were
the greater the energy, the shorter the half-life. Primakoff andikely the result of the spontaneous fission3%U. The pres-
Rosen[22] showed that, if all the nuclear matrix elements ence of trace amounts of uranium in the zircon enabled the
have the same value, the half-life of two neutrino doyBle age of the zircon to be determined by U-Pb dating tech-
decay is inversely proportional to the tenth power of theniques. Based on the age of the sample, the relative enrich-
decay energy. In Fig. 3, the logarithm of the theoreticallyments of““Mo from the spontaneous fission 6t and the
determined values of the half-lives are plotted against thenrichment of®*Mo from the doubleg decay of °zr, the
logarithm of the known values of the decay energies to givehalf-life for the doubleg decay of°®Zr was calculated to be
an inverse correlation similar to that predicted by Primakoff(9.4=3.2)x 10'® yr. This is significantly shorter than the
and Roserj22]. value determined by Kawashing al. [9] on samples from
Also plotted in Fig. 8a) are the geochemically deter- the same region. However, the value for half-life of the
mined values of the half-lives fot°zr, 8°Se, and**°Te. The  doubleB decay of°Zr reported in this paper as well as that
values for °6Zr are (9.4r3.2)x 10" yr (this work and from Ref.[9] show that the Te/Xe and Se/Kr resuls3] do
(3.9+0.9)x 10 yr [9]; for ®Se 1x10%° yr [3]; and for  not give an accurate portrayal of doulledecay half-lives
130Te 8x 107° yr [3] and (2.7:0.1)x 10?* yr [5]. It can be  because of gas loss from the mineral lattice. The present
seen that in each case the geochemically determined halalue for the half-life of the doublg decay of°®Zr to **Mo
lives are greater than the theoretically determined values df in excellent agreement with the theoretical half-life pre-
Doi et al. [6]. In the case of'*°Te, the experimental values dicted by Doiet al.[6] and supports a two-neutrino mode for
are a factor of 38 timefs3] and 130 time$5] greater than the double 8 decay.
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