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Geochemical evidence of the doubl@ decay of °Mo

Hiroshi Hidaka™* Chi V. Ly,* and Katsuhiko Suzuki
1Department of Earth and Planetary Systems Science, Hiroshima University, Higashi-Hiroshima 739-8526, Japan
2Institute for Research on Earth Evolution (IFREE), JAMSTEC, Yokosuka 237-0061, Japan
(Received 20 February 2004; published 25 August 2004

Enrichment of thé®Ru isotope, resulting from the double béfB) decay of*®™o, has been found in old
molybdenites from Australia. Using Re—Os ages determined here together with the amount of &iess
determined via isotope dilution mass spectrometry, consistent half-lives were obtained from two different
molybdenite samples of varying agéz.90 billion and 1.05 billion years ojdwith an average half-life of
(2.1£0.3 X 108 years. This half-life is highly consistent with the theoretical model for a two-neujgifio
decay.
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I. INTRODUCTION sible to detectBB decay via solid phase daughtdi®,7].

. . . - These results also indicated that previous measurements of
Many previous studies aimed at determinigg decay the 128Te128e 130701300 and®2Se8%Kr decays may have

half-lives [1] have concentrated on the direct detection of Uffered from leakage of the dauahter isotope. However. the
emitted particles. This method involves the detection and 9 9 pe- '

measurement of the number and energies of emitted particleg'su'[horS suggested that further work on other solid phase
(y,€") from BB decay. This method can directly determine aughters of5 decay would be advantageous to support

the number of neutrinos released from the decay event aSSUCh a conclusion,
Y Several theoretical, as well as experimental, studies of the

well as the mode of decay, as the energies of the emitted)qvlo_looRu 83 decay have provide a range of half-lives

particles are also measured. However, this technique i 105y 108 34y 1018
highly sensitive to background noise, due to the long half-ﬁ%&loﬁgsélhleo oflgr:eyf;\[s?]e;gﬁlﬁgg;y nll?;”é/és[g]év?secggeseof

lives of these decayfl]. this decay is expected, even through geochemical methods.

whﬁ:%o?aer: ;?riﬂ]ngse;? tﬁgtzzf?éﬂﬂiff cii(;ae)é Ealf:[lr']\éei’)n However, there has only been one previous geochemical de-
y Yiermination of the®Mo-22Ru half-life, and this was only

half-life of these decays and the weakly interactive nature Of';lble to provide a lower limit of-1 x 1018 [10]. In this paper

neutrinos, is through the geochemical analysis of isotopit, . 10qq BB decay half-life is determined from Ru isotopic
excesses in geological materials caused by the accumulatign

of the BB decay daughter isotope. This takes advantage O?nalyses of old molybdenite samples from Australia.
geological time for the accumulation of a detectable amount

of the daughter isotope in the mineral. However, this method Il EXPERIMENT

does not provide direct information on the mode of decay,
and is instead a sum of all decay modes. For the successfm
use of this method the mineral sample should incorporate(Jl

little of t_he daughter isotope during forma_tion, be geologi- ndertaken using previously established analytical proce-
cally resistant so as to retain any daughter isotopes produce ures, a detailed description of which is found elsewhere
and be geologically old so that detectable amounts of th?ll—l’e]

ﬂau%hter istot(;qu havg ac::uj;ngt#at_eolth?ﬁ%'e-tlgoi)(e gec?_fr For Ru separation, approximately 5 g of the powdered
nas been studied previously asi€ IS the most abundant 1€ molybdenite samples were carefully weighted into Teflon
isotope and precise measurements of Xe isotopes can be PESMbs with 5 ml of 10 M HNQand 15 ml of 8 M HCI. The
formed, results of which have confirmed the presenc®f | \v< \1ore then sealed and left on a hot pIate;th°C

13
92%;:_""3/128)(0)(6 [jég]s' }3’;’}2”‘ d has also bezez doHne on the overnight. Once dissolved, the samples were slowly evapo-
e~ 7ean e=*Kr decay system$2,4,5. However, a0 1o incipient dryness on a hot plate, in a clean air cham-

the main limitation with using noble gas daughters is the, .. 1 requce the aqua regia content. Samples were then
possible leakage of the daughter from the mineral lattice Overredissolved in 4 M HCI and introduced into a glass distilla-
the long time periods required for the accumulation of de-tion flask with 2 g of K.Cr,0, and 15 g of condensed phos-
tectable amounts of daughter product. To avoid leakage, u

) oric acid. The flask was sealed into a glass still and heated
of a nongaseous daughter is preferable. Recent work on the 1550 | this environment Ru is readily oxidized into
%zr-%Mo BB decay in old zircons has shown that it is pos-

volatile RuQ, which is guided into a trapping vessel con-
taining 6 ml of a 1:1 mixture of HCI and ethanol. The trap
solution was evaporated to incipient dryness and redissolved
*Corresponding author. Electronic mail: hidaka@hiroshima-in 4 M HCI, to reduce the ethanol content in the sample. The
u.ac.jp sample volume was reduced to a small drop and microdis-

Molybdentie samples, as whole rocks, were crushed and
olybdenite flankes handpicked and finely powdered in an
gate mortar. Sample processing for Re-Os chemistry was
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TABLE I. Re-Os ages determined for molybdenite samples, using ghealue of 1.666< 107! Ref. [14].

Name Location Re con@pm) Os conc.(ppm) Re-Os Age(X10° yr) Rb-Sr Age(x10P yr)
Mt. Mulgine West. Australia, Australia 12+1 0.63+0.03 29034 2684 £Réf. [24])
Osbourne Queensland, Australia 168+15 2.9+0.1 1051+1 Not available

tilled, using a KCr,0,-HCIO, mixture as the oxidizing Osbourne molybdenite. The Ru isotopic compositions mea-
agent and HCI as the reducing agent, to further reduce thsured for the two molybdenites are shown in Table I, includ-
Mo concentration. The procedural blank, including sampleing Ru isotope data from a standard Ru chemical reagent for
dissolution and distillation, was determined to be 4+2 pg viacomparison. The values shown in Table Il have been cor-
isotope dilution mass spectromeiipMS) [14]. rected for Mo and Ba interferences before correcting for oxy-

Isotopic analyses of Re, Os, and Ru were performed on gen isotopes. An isotopic mass fractionation correction was
Thermo Finnigan TRITON TI thermal ionization mass spec-completed for the Mt. Mulgine sample via the exponential
trometer(TIMS), in a negative ion mode, at JAMSTEC, Yo- law using®®Ru/°’Ru=0.3237 as the normalizing factor. The
kosuka. Measurements of Re, Os, and Ru were undertaken fiactionation correction was not completed for the Osbourne
“Re0,, ¥0s°0, and Ru0,, respectively. Oxygen was sample because only ¥Ru signal was detected for this
corrected using th&’0/*%0 and§80/160 values of Nief15].  sample and the other isotopes were below the detection limit.
Re and Os contents were determined via IDMS, assuming Although the analytical precision of the two molybdenite
terrestrial value for thé®Re/®'Re ratio, while the Os con- samples is poor, because of extremely low Ru contents, iso-
tent was determined by direct comparison to the spike atopic excesses of"®Ru for the Mt. Mulgine and Osbourne
only radiogenict®’Os is present in the samples. molybdenites can be clearly identified from tH&RuA*Ru

For Ru isotopic analysis, samples were loaded onto infatio and from the lack of Ru isotopes other th&fiRu,
house single Pt filaments with Al of a  respectively. Before thi¥°Ru enrichment can be linked with
10 000 ppm B&NO;), solution. Filament loading blanks the BB decay of'®Mo, other possible sources of isotopic
were found to be 0.7+0.2 pg. During the measurements, aanomalies must be carefully considered.
well as the™Ru'®0;, isotopic species, mass numbers 143,
145, and 151 were always monitored to determine the levels
of *Mo0,,%"Mo*®0,, and *®Ba0, respectively, to make a .
corrections for Mo and Ba isobaric interferences onto the Ru Although it is known that Ru is a product of the sponta-
mass spectra. For the determination of Ru content in th@€eous fission of*®U, this is not considered to be the source
molybdenite samples, IDMS was used. Prior to chemical disof the detected®Ru enrichment, a8*Ru is shielded from
solution and Separation' a known quantity (ﬂgu enriched direct contributions from the fission S?BU by lOONIO. There
isotope solution was added to each San(ptﬂ'ked Samp[p is a pOSSlblllty that the fast neutrons released during the
The abundance of°°Ru in the molybdenite could then be Spontaneous fission 8#%U will induce the capture reaction
determined by comparison of the measuféu and'®Ru  ~Ru(n, ) °Ru. However, this is also highly unlikely, as
signals. In addition to corrections for Mo, Ba, and O iso-there is an insufficient amount 6fRu and molybdenties
topes, the results from measurements of the spike samplééntain relatively high concentrations of rare earth elements

were also corrected for procedural and loading blanks. ~ [17], two of which have exceptionally high capture cross-
sectiong(i.e., Sm, Gql. Therefore, the spontaneous fission of

238 and thermal neutron capture would not be a significant
ll. RESULTS AND DISCUSSION source of “Ru.

A. Spontaneous fissiorf%U and neutron capture

Re and Os data for the two molybdenites are shown in )
Table I. Using a\ge value of 1.666< 1071 yr~t [16], an age B. Decay of Tc isotopes
of (2.902+0.004x 10° yr was obtained for the Mt. Mulgine Tc has no naturally occurring stable isotopes, and only the
molybdenite and an age ¢1.051+0.001x 10° yr for the  ¥'Tc, ®®Tc, and®®Tc isotopes have half-lives of greater than a

TABLE II. Ru isotopic abundances measured for the AAS Rugtdndard solution and Ru extracted from the Mt. Mulgine and Osbourne
molybdenite. All samples have been corrected for Mo and Ba interferences and oxygen isotopes. No fractionation correction was made for
the AAS standard or Osbourne molybdenite. Data for Mt. Mulgine has been corrected for mass fractionation F&ig/tRu value of
0.3237.

Sample name %Ru/%Ru ®Ru/*Ru 100Ru/ARy 102Ru/MRu 104Ru/MRu

AAS Standard 0.3237+0.0001 0.7429+0.0001 0.735 38+0.000 06 1.8417+0.0002 1.0919+0.0002
Mt. Mulgine 0.3237 0.93+0.19 1.40+£0.17 1.89+0.28 1.09+0.24
Osbourne Only*Ru isotope was detected.
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TABLE lll. Parameters used to determine t8@ decay half-life of*®Mo. Re-Os ages and Ru concen-
trations have been determined in this report, while the Mo concentration was calculated from the amount of
Mo present in molybdenité60 wt%).

Name Re-Os agex10P yr) Ru conc.(ppt) Mo conc.(wt%) BB decay half-life(yr)
Mt. Mulgine 2903+4 50+11 60+0.01 (2.3£0.7 x 108
Osbourne 1051+1 22+5 60+0.01 (1.9+£0.7 x 10'8

few days. There is currently no evidence that any Tc isotopemined by the termPoN; where ¥ is the proton fluence
survived early solar nebular processes, as demonstrated lbigrived from cosmic raysy is the cross section for proton
recent Ru isotopic analyses of meteoritic sample. Ad-  capture reactions, and is the number of target isotopes.
ditionally, these isotopes do not directly decay*t®Ru, and  Proton captured Mo isotopes turn to Tc, and the Tc then
so the direct decay of a native Tc isotope would not causelecays to Ru. From the values for integrated proton capture
the detected anomaly. cross section§21] and the isotopic abundances®klo and

However, of more concern is the proton capture of'®Mo, the production rate of°Tc is estimated to be around
199Mo(p,n)%Tc, and the subsequent decay ¥PTc to 2.8 times higher than that f°Tc. The lack of excess of the
1%0Ru. Possible sources of protons, required to induced th&Ru isotope in both the Mt. Mulgine and Osbourne samples
captrue reaction, could come from cosmic ray spallation andéhdicates that these samples have not been greatly influenced
the reaction of S with alpha particles and neutrons emittedby proton capture reactions. However, the half-life®8fc
during the spontaneous fission &fU, i.e., Sa,p)C1 and  (4.2X 1P yr) is much longer than that df°Tc (15.8 9, and
S(n,p)P. The exact depth of both the Mt. Mulgine and Os-°Tc may have behaved differently from Ru over geologic
bourne is not known, however, both molybdenites were emtime scales by the geochemical differentiation of Tc and Ru
bedded in granite, rather than in a soil sample. As such, thia the ore body. Therefore, we cannot completely exclude the
samples must have originated at depths of leas® m be-  possibility of background from proton capture of Mo.
low the surface, and a majority of the cosmic rays would
therefore, have bgen attenue}ted. Only.muons are known to C. B decay of Mo
penetrate deeper into geological material.

Previous work by Clevelan@ét al. [19] determined the Taking into account the above background estimates,
amount of*’Ar produced by reactions from muon evapora- scaled to the age of the two samples, the remainffigu
tion protons, in a tank filled with €Cl, at a depth of 1478 m. detected in our molybdenite samples must have originated
In an earlier work, Cowan and Haxtg80] estimated that at from the 38 decay of"®Mo. We were thus able to determine
a depth of 1500 m, the amount of muon-induced Tc in &he BB decay half-life from the measured amount of excess
molybdenite ore body was reduced to 10%. Assuming that’ Ru, less the~100 pg background, using the Re-Os age
the production rate 6f’Ar is the same as the production rate and the initial amount of parent®™o present in the molyb-
of 19°T¢, and that it is a factor of 10 less than in near-surfaceflenite. The amount oMo initially present was calculated
samples, we have calculated that muon-indut®dc, and  from the*®Mo abundance of Wieser and De Laef2?] and
therefore °Ru, would represent less than 90 pg for athe amount of Mo present in molybdenité80 wt%). The
3000 Ma sample. This value is based on a large target, i.eparameters used to calculate the half-life are given in Table
6700 li of C,Cl,, whereas our samples of molybdenite only lll. Using these parameters and the standard equation for
represent approximately 5 énirherefore, we would expect radioactive decay, thgg decay half-life for'®Mo was es-
the calculated background to be an overestimate. timated to bg2.3+0.7 X 10'® yr and(1.9+0.7 X 108 yr for

To estimate and account for Tc production from the two-the Mt. Mulgine and Osbourne molybdenites, respectively.
stage reaction of fast neutrons released during the spontan€he presence of a non-radiogenic Ru isotopic component in
ous fission 0%, with S nuclides and subsequent protonthe Mt. Mulgine molybdenite may be due to contamination
capture of the release proton, we again rely on measuremerits this sample, which is not seen in the Osbourne sample.
made by Clevelaneét al. [19]. In this work they measured However, the consistency of the estimated half-lives from
the production rate of’Ar due to fast neutrons from the wall these two measurements indicates that the Mt. Mulgine data
rock. The short free mean path of alpha particles would makéas been effectively corrected for this contaminating Ru, and
them an unlikely source of secondary protons. We assumedthat the two half-lives are from the same set. As such we can
similar production rate as that determined by Clevelenal.  average the two half-lives to obtain an estimate for gige
[19], and have calculated that Tc produced from the twodecay half-life of(2.1+0.3 X 10 yr, which is a significant
stage reaction from fast neutrons would represent less thamprovement over the previous resi#]. The absence of a
10 pg over 3. 1C° yr. Again, this estimate is based on a contaminating Ru signal in the Osbourne sample also leads
much larger target, and therefore, is likely to be an overestius to conclude that the behaviour of Ru during the formation

mate of the true background. of molybdenite is similar to that of Os, which is readily
It should be noted that in either case, proton capture reexcluded during crystallzation.
actions on Mo would also involve th&Mo isotope. The Table IV lists the half-life determined here, together with

production rates by proton capture can be generally detepreviously determined geochemigal4,6,7, direct counting
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TABLE IV. List of selectedBg decay nuclides with their decay However, if the'Tc production rate has been underesti-
energy and theoretical, geochemical and direct counting estimatamated in our work, the half-life might be considerably longer
of their half-life. No uncertainty was provided for the theoretical than that calculated here.

estimates.
IV. CONCLUSION
~ Decay _ Evidence has been found for tj3@ decay of-°Mo in old
Species energy Half-life(yr) Source molybdenite samples. Mass spectrometric analyses of chemi-

o . cally purified Ru extracted from molybdenites obtained from
o (1'121002'63X1%2 Geochemica(Ref. [4]) - n; "Mulgine and Osbourne, Australia, indicate large enrich-
Se  2.995MeV 1.0875ex 10°° Direct counting(Ref. [1))  ments in the'®Ru isotope. For the Osbourne molybdenite,
2.30x 10%° Theoretical(Ref. [23]) measurements indicated that ortf’Ru was present in the
5.19x 108 Theoretical(Ref. [23]) sample. After careful consideration of other possible sources
2.1139%10'°  Direct counting(Ref. [1]) and the subtraction of background signals, the remaining en-

(3.9:0.9% 10 GeochemicalRef. [6]) richment has been linked with th@3 decay of**Mo. Large
8 ) Re concentrations and low terrestrial Os concentrations en-
(9.4£3.2x 10" Geochemica(Ref. [7]) abled the age of these molybdenites to be determined pre-
1.06x 10" Theoretical(Ref. [23]) cisely via the Re-Os geochronometer. From the age of the
10vo  3.034 MeV (8.0+0.7x10'® Direct counting(Ref.[1])  samples and the measured amount of exc¥&al, the half-
(2.1+0.3 X 1018 This work life for the BB decay of 1®Mo was calculated to be
2. osesmey 118X 1023 Theoretical(Ref. [23]) (2.1+0.3 X 10'8 years, which favors the two-neutrino decay
: (2.2:+03x10%*  GeochemicalRef. [3]) model. However, because of the uncertainty in'f}f&c pro-

00£15x16° GeochemicalRer (1) {E At B e e hat e,
2.09x 10%° Theoretical(Ref. [23]) y '

967y 3.35 MeV

0re 2533 MeV

ACKNOWLEDGMENTS

[1] and theoretical half-live$23] for *®Mo and otherpp The authors would like to thank Professor J. R. De Laeter
decay species. Table IV shows that the experimentally obfor the donation of the molybdenite samples. Dr. M. R. Han-
tained half-lives from both geochemical and direct countingdler is gratefully acknowledged for her contribution to the
methods are, in each case excéPMo, much larger than improvement of the manuscript. This study was financially
theoretical estimates. In the case'8Mo B3 decay[1,23, supported by a Grant-in-Aid for Scientific Research from the
the half-life determined in this work2.1+0.3 X 108 yr, is  Japanese Ministry of Education, Culture, Sports, Science and
a factor of 4 lower than current direct counting measure-Technology (No. 14654098 to H.H. and No. 14703002
ments, and a factor of 5 lower than the theoretical valueto K.S)).

[1] A. S. Barabash, Czech. J. Phys2, 567 (2002. [12] S. B. Shirey and R. J. Walker, Anal. Cher®7, 2136(1995.

[2] T. Bernatowicz, J. Brannon, R. Brazzle, R. Cowsik, C. Hohen-[13] J. L. Birck, M. Roy-Barman, and F. Capmas, Geostand. News-
berg, and F. Podosek, Phys. Rev.4Z, 806 (1993. lett 20, 19 (1997.

[3] N. Takaoka, Y. Motomura, and K. Nagao, Phys. Rev5G, [14] C. V. Ly and H. Hidaka, Geochem. dn press.
1557(1996. [15] A. O. Nier, Phys. Rev.77, 789(1950.

[4] K. Marti and S. V. S. Murty, Phys. Lettl63B, 71(1985. [16] M. I. Smoliar, R. J. Walker, and J. W. Morgan, Scien2@él,

[5] W. J. Lin, O. K. Manuel, G. L. Cumming, D. Krstic, and R. I. 1099(1996.
Thorpe, Nucl. PhysA481, 477 (1988. [17] B. Ohlander, K. Billstrom, and E. Halenius, Lithd23, 267

[6] A. Kawashima, K. Takahashi, and A. Masuda, Phys. Rev. C (1989.
47, R2452(1993. [18] H. Becker and R. J. Walker, Chem. Gedl96, 43 (2003.

[7] M. Wieser and J. R. De Laeter, Phys. Rev. 84, 024308 [19] B. T. Clevelandet al., Astrophys. J.496, 505(1998.
(2001). [20] G. A. Cowan and W. C. Haxton, Scien@&i6, 51 (1982.

[8] A. De Silva, M. K. Moe, M. A. Nelson, and M. A. Vient, Phys. [21] C. H. Hoppe, S. M. Grimes, J. D. Anderson, J. C. Davis, W. H.
Rev. C 56, 2451(1997%). Dunlop, and C. Wong, Phys. Rev. Le®3, 856 (1974).

[9] S. R. Elliott, A. A. Hahn, and M. K. Moe, J. Phys. &7, S145 [22] M. E. Wieser and J. R. De Laeter, Int. J. Mass. Spectrib&y,
(199D). 253(2000.

[10] H. Poths and R. Rundberdth International Conference on [23] M. Doi, T. Kotani, and E. Takasugi, Prog. Theor. Phys. Suppl.
Geochron. Cosmo. Iso. Gepll990, p. 79. 85, 1(1985.

[11] K. Suzuki, H. Shimizu, and A. Masuda, Geochim. Cosmo-[24] J. R. De Laeter and J. L. Baxter, J. R. Soc. W. Austré&ifh
chim. Acta 60, 3151(1996. 113(1987).

025501-4



