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Half-life of *°Te double8 decay measured with geologically qualified samples

Nobuo Takaokd,* Yoshinobu Motomurd, and Keisuke Nagao
!Department of Earth and Planetary Sciences, Kyushu University, Hakozaki, Fukuoka 812-81, Japan
2Institute for Study of the Earth’s Interior, Okayama University, Misasa, Tottori 682-01, Japan
(Received 20 September 1995

Tellurobismuthite(Bi , Te;) has been analyzed for Xe isotopes to determine the half-life for dgRiblecay
of ¥Te. Excess*%Ke amounts td6.18+ 0.18 % 10" atom/g with 47.8 wt. % Te, ofl.24+0.04 X 103 for the
parent/daughter rati&*°Te/**%e. With (9.3+ 1.1)x 107 yr for the Xe retention age of Te mineral, this provides
(7.9+1.0)x10%° yr for the absolute half-life of**Te doubleg decay. With this and a literature ratio
T1(130/T(128 of (3.52+0.11)X 1074, we have(2.2+0.3)x 10?* yr for the absolute half-life of?%Te
double decay.

PACS numbes): 21.10.Tg, 23.40:s, 27.60+j

[. INTRODUCTION along with the Xe retention age deduced from K-Ar age data
for rocks in genetically close relation to the Te samples. We
Isobars3%Te, 139, and *%e belong to a system of nu- will also give a brief description of field relationships be-

clides for which successive singledecays are energetically tween Te ores and country rocks at the Oya mine, because
forbidden but disintegration through douliedecay(DBD)  they are of great importance to decipher the chronological
is possible from'®Te to 1¥%e. Since the first report on the Seduence in t.he formation of mineral deposits and to estimate
possibility of DBD by Goeppert-Mayef1], many experi- the Xe retention age for the Te mineral.
mental as well as theoretical studies have been done. The
first experimental result on th€°Te DBD half-life has been
reported by Inghram and Reynoldig]. Since then, many
data have been reported on th€Te half-life determined by A. Samples
a geochemical method. However, there are long-standing
problems of discrepancies in the half-life: Experimentally

Il. EXPERIMENT

Samples used in this work are pure tellurobismuthite
(Bi,Tes) grains of typically 1-2 mm across, separated from
some workoers have reported 2 t 30.21 yr[3-7]and others. a s;z)ecismen of Te—begring ores collected at the gya mine. The
710 9 10°% yr [8-10]. These experimental results are sig- oo specimen was carefully crushed to isolate the mineral
nificantly larger by one to two orders of magnitude thangaing by hand picking. The Te minerals are embedded in
theoretical es_‘umate[ﬁl]. H(_)wever,_thls does not lr_nply tha_t quartz veins, in close relationships with native gold, arse-
the geochemical method is unreliable because it has giVeRopyrite (FeAsS and other minerals. The quartz veins, fill-
the doubleg decay rate for*’Se ([10] and references cited ing fissures, are hosted in the Triassic formation composed
therein in excellent agreement with that determined by amainly of sandstone and slate. The deposits at Oya are char-
counting method12]. In order to solve the discrepancies acterized by abundant arsenopyrite and the zonal distribution
both in experimental results and between experimental angdf other minerals. Tellurobismuthite is richer in close asso-
theoretical half-lives, further works are awaited with samplesciation with native gold in the deeper portions of veins. From
that are well documented on their occurrences and geologicglewpoints of ore genesigl4—16, it seems that silica-Au-
relationships. By the geochemical method, geologically oldTe-As-bearing hydrothermal fluids were introduced along
Te minerals are analyzed for the decay prodii€ke by high  fissures to deposit the quartz veins therein. These elements
sensitivity and high precision mass spectrometry. Thewvere extracted in part from magma and/or in part from coun-
amount of parent'*°Te is determined from the chemical try rocks through interactions with water heated by quartz-
composition of the sample mineral and the isotopic abunsiorite magma. The fissures were formed both in circumfer-
dance for ¥*°Te. That the parent to daughter ratid°Te/  ence hoods of a quartzdiorite cupola and in roof rocks
130xe reported by different workers are in good agreemensurrounding it (i.e., the Triassic sandstone and sjata
with one another for samples collected at the same localitgjuartzdiorite mass crops out near the northern part of the
(i.e., the same minandicates that problems are not in ana- mine and is believed to underlie the ore deposits, because
lytical techniques for Xe isotopes and Te contents, but irbosses regarded as apophyses of the quartzdiorite outcrop at
determination of the time interval in which Te minerals ac-the mine and some veins cut them. The fissures were initi-
cumulated and retained radiogertt’Xe produced byn situ  ated by doming up of quartzdiorite magma and formed after
decay of 1*°Te [7,13. at least part of outer rims of the quartzdiorite body had so-
In this paper, we will report the half-life ot*°Te deter- lidified. Field observations give no definite evidence that the
mined from Xe data for Te and associated mineral separate¥e-bearing veins have experienced therfigheous events
postdating the quartzdiorite intrusion, implying that radio-
genic 1¥%e was retained quantitatively after the mineraliza-
*To whom correspondence should be addressed. tion.
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TABLE |. K-Ar age determination for biotite and hornblende from Oya mine.

Sample  Weight K 40Ar/38Ar 36Ar/38Ar 38Ar spike Rad.*CAr? Air cont. AgeP
) (wt. %) (107 %cmd STP (1078 cm® STP/g (%) (10° yr)
Biotite 0.136 4.80 1.7124 0.000414 1.358 16.40 5.62 85.9
+0.0045 +0.000037 +0.027 +0.35 +1.8
Horn- 0.581 0.631 1.3025 0.00073 1.354 2.636 14.3 104.4
blende +0.0034 +0.000032 +0.027 +0.060 +3.1

4For calculation of radiogenié®Ar, the following isotopic data were use@Ar/*8Ar=(3+1)x10—° and *°Ar/®Ar=(8.7+0.8)x10 * for
spike Ar; *®Ar=(1.01+0.24x 102 and “°Ar=(1.5+0.7)x 108 cm® STP for blank Ar.
*The following decay constants were used for calculatiop=4.692x< 10 1 yr; A ¢=5.82x 10 yr [30].

We also separated quartz and arsenopyrite from the sanae found. However, since blank correction is less than 0.5%
ore specimen to measure the isotopic ratios of Xe trapped iat *2Xe for the Te samples, the effects of blank correction
them, because both minerals are regarded to have crystaire negligible except for these isotopes. Sensitivity and mass
lized from the same hydrothermal fluids and trapped thejiscrimination of the mass spectrometer were determined by
same isotopic composition of Xe as the Te mineral did. Inmeasuring known amounts of atmosphere Xe. Variation in
particular, quartz will provide constraints on the Xe isotopiCthe Xe sensitivity is 3% and the mass discrimination for Xe
ratios in the fluids, because it contains usually innumerablgsotopes is 0.38% per mass unit. The Te con(éts wt. %;
fluid inclusions of micron size. Xenon dissolved in the fluids 1\t o Te=1.598< 10 atoms 130re/g) was determined

mu:t haKVZ bger) occtl)gdgd the(;eLn togfthsr with the fluids. qgnrain by grain for arbitrarily selected 23 grains of the Te
fromotrhe-qL:argt(Ijri]gr,iteKz)atrl;[g r?(?rphyorirtr;z fe?speegi’\a/reelysﬁ'rrﬁr%fr- inerals with an electron probe microanalyzer. It is essen-
phyrite is named for a rock cooled rapidly from the sametIally constant both in a grain and among grajag].
composition of magma that crystallized to quartzdiorite at
slow cooling. A geologist has reported that some porphyrite lll. RESULTS AND DISCUSSION
dikes cut and are cut by quartz veifis4]. This is strong A. Radiogenic 3%Xe
evidence for a contemporary formation of the quartz veins , , .
and the porphyrite dikes. The geology of this area will be, Results qf Xe analyses are given in Table Il. Uncertainties
summarized elsewherl7] on field relationships between include statistical error€c) for isotopic measurement, and
the quartz veins, the porphyrite dikes and the quartzdiorité"@ss discrimination and blank corrections. There are definite
body and their chronological sequence, together with data ofXC€SSes ?ﬁzgxey 1%%e, and _l3lxe isotopes, compared to
other noble gas isotopes which are not discussed here. ~ atmospheric Xe. Isotope studies performed so far on Xe in Te
K-Ar dating was performed by analyzing the biotite and minerals have shown that old Te minerals contain products
hornblende separates for radiogefifar with conventional fromlgoublgﬁ decays as well as netigron captures Bﬁl'e
techniques using®Ar spike. The K content was determined and **Te isotopes[3,7]. Hence the*Xe excess in the
for the biotite (4.80 wt. % and hornblendg0.631 wt. %  present Te samples is attributable to thi€Te doubleg de-
separates using conventional techniques by flamephotometigay, and both excesses'dfXe and***Xe are products of the

The result is given in Table I. neutron captures of*®Te and3°Te, respectively. The isoto-
pic ratios at other isotopes, except'@tXe from Oya Te-2,
B. Mass spectrometry are in agreement with the atmospheric ones in experimental

_ ) errors. This indicates that contribution of fissiogenic Xe is

Xenon isotopes were measured by pulse-counting masgegjigiple. Other nuclear effects by neutrons, cosmic-ray
spectrometry [18]. Samples rinsed with ethanol were 605 and other particldd] are minor and obscured by

wrapped in Al foil and mounted in a sample holder for a Tagyperimental errors, particularly in ores of young ages such

furnace. A gas-extraction line including the furnace and a,q the present case. We will focus discussion only on the
gas-purification line are thoroughly degassed. During degassyit.jife of 13°Te in this work, and other nuclear effects in-

sing the lines, the samples were heatfad overnight apprpxauding the neutron captures dR®Te and **Te will not be
mately at 100 °C to desorb atmospheric surface contamingyis.ssed here. They will be given [ib7].

tion. This temperature was adopted to prevent Xe loss in The concentration of radiogeni&®e is calculated by

heating because tellurobismuthite melts at temperature &ubtracting trapped Xe from the measured one. As will be

low as approximately 575°C. Xenon blarke., back- iven later, the isotopic ratios of trapped Xe is atmospheric.
ground was measured at 850 °C for the Te samples and glapce

1750 °C for others.
Typical blanks are 132Xe=4.4x10"%° cm®STP at  (13%e)ppp=[(13%*e/'3%Xe)s— (13%e/13%Xe) A](3%Xe)s,
850 °C for 20 min(1 cm® STP=2.688x 10'° atoms, and (1)
132(e=2.7x10 ¥ cm?® STP at 1750 °C for 15 min. Isotopic
ratios for blank Xe are atmospheric except fofXe and
126xe, for which excesses due to interference and memoryhere subscript§ and A represent sample and atmosphere,
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TABLE II. Concentrations and isotopic abundancé®Xe=100 of Xe in tellurium and associated
minerals from the Oya mine. Definite excesses®Xe for Te 1 and 2 are attributed t5°Te DBD, while
those at*?®Xe and**Xe to neutron captures ott®Te and'®°Te, respectively. Exces$®Xe, calculated with
Eq. (1), is given in the bottom lines. In calculation of the excé&¥e, the following isotopic ratios were
used for atmospheric Xe:'?*Xe/'?%Xe/*?8Xe/*?%e/3% e/ 31X e/ 32X e/ 3K e/ **0Xe=0.354/0.330/7.136/
98.32/15.14/78.96¢/100/38.79/32.94.

Sample Tel Te 2 Quartz  Arsenopyrite
Weight (g) 0.210 0.310 0.0382 0.140
T (°C) 850 1020 Total 200 850 Total 1750 1750
132x g2 6.07 0.209 6.28 2.06 3.00 5.06 30.2 4.54
124¢e 037 — 0.37 0.40 0.38 0.39 0.35 0.35
+0.10 — +0.10  +0.22 +0.26 +0.24 =*0.14 +0.18
126xe 035 — 0.35 0.36 0.35 0.35 0.34 0.36
+0.06 — +0.06 *0.22 +0.12 +0.16 =*0.08 +0.18
128x@ 7.19 7.10 7.19 7.35 7.25 7.29 7.24 7.44
+0.26 *1.00 +0.26 *+0.34 +0.18 +0.24 *0.24 +0.18
12%e 117.9 99.5 117.8 102.4 139.2 124.2 99.4 102.4
+1.2 +7.6 +1.2 +3.4 +2.4 +2.8 +1.8 +2.4
130xe 52.3 15.1 52.2 15.92 925 61.3 15.17 15.79
+20 *22 +2.0 +0.68 +7.6 +4.6 +0.34 +0.56
181xe 91.1 78.4 91.1 79.8 104.2 94.3 78.8 79.9
+20 *34 +2.0 +1.8 +3.0 +1.8 +15 +1.3
134e 39.0 37.7 39.0 39.1 38.93 38.99  38.66 39.01
+1.0 =338 +1.0 +1.0 +0.88 +0.92 =*0.56 +0.94
136xe 32.8 32.6 32.8 32.9 33.05 32.98 32.74 32.51
+0.6 +3.8 +0.6 +1.2 +0.82 +0.92 =*0.54 +0.80
130K 2.26 0.00 2.26 0.016 2.32 2.34 0.01 0.030
Excess +0.12 *0.005 +0.13 *0.014 +0.23 *0.23 =*0.10 +0.025

3Concentrations are given in units of 7§ cm® STP/g(1 cm® STP=2.688x 10*° atoms.

respectively. 3%e)pgp amounts to 6.07 and 6.2910° from a separate deposit, mineralized much earlier somewhere
atom/g for Oya Te 1 and 2, respectively. The atomic ratio oﬂ:n quar?zdiorite or its vici_nity. This i§ unlikely becal_Jse it is
parent **Te to daughter ¢%e) pgp is calculated from the impossible for the Te minerals, being low in melting tem-

above result and the Te contenfise., 7.63x10%° atoms perature(ca. 575 °Q, to survive igneous conditions and to
130Te/g for Oya Te 1 and 2to be 1.26 and 1.221013 for  retain radiogenic**Xe. Hence we conclude that no evidence

samples Oya Te 1 and 2, respectively. for inheritance of exces§*%e is found in the Oya Te min-
A possibility to give a short half-life for'*°Te has been érals and that the excess%e determined is radiogenic

argued based on possible inheritance of radiogéffike ~ *Xe produced by thén situ decay of ***Te doubleg de-
from precursor materials at the time of mineralizati@h In cay.
order to clarify whether the present samples retain such in-
herited 1*%e or not, we measured Xe isotopes trapped in
guartz and arsenopyrite that crystallized from the same hy-
drothermal fluids as the Te minerals did. As listed in Table I, Hydrothermal activity is essentially circulation of hot so-
the isotopic ratios of Xe from the quartz sample are atmod{utions enriched in various cations and anions that were ex-
spheric. Xenon from arsenopyrite reveals small isotopic extracted in part from magma and/or in part from country rocks
cesses at?®Xe and *%Ke. However, the excess at’e is  through interactions with water heated by magma activity. In
trifling and attributable to a few bits of Te contamindn¢.,  the case of the Oya mine, the hydrothermal fluids enriched in
0.6 wt. % Te or 1.8 mg tellurobismuthite in 140 mg arse-silica, Au, Te, Fe, and As originated in connection with
nopyrite sample Actually some arsenopyrite grains occlude quartzdiorite magma and filled fissures in the upper Triassic
tellurobismuthite crystals of 0.1 mm sifz&7]. These imply  rocks and in the circumference hoods of quartzdiorite cupola
that Xe in the hydrothermal fluids was atmospheric and theéo deposit the Te-bearing quartz veifis4—16. Therefore,
Te minerals must have trapped the same isotopic ratios of Xthe formation age of quartzdiorite could approximate the for-
when they were deposited from the fluids. mation age of the quartz veins. Considering slow cooling
Another way assumed to inherit radiogeniit’Xe from  relative to quartz veins, probably it would postdate the vein
precursor materials is that the Te minerals did not crystallizéormation. K-Ar dating for biotite separated from the quartz-
in situ in the present veins but were transferred by the fluidgiorite gives (8.59+0.189x 10" yr (Table |, in agree-

B. Xe-retention age
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ment with a literature valug€l9]. Porphyrite cooled rapidly eralization temperature is acquired from decrepitation tem-
from the same composition of magma that crystallized tgperature of vein quartz. The decrepitation temperature for the
quartzdiorite at slow cooling. If so, the porphyrite should Oya quartz veins ranges from 270 to 320[%B]. Taking an

give an age older than the quartzdiorite, because of the fagccount of a pressure effect on conversion from the decrepi-
cooling and high closure temperature for Ar in hornblende fation temperature to the mineralization di2d], the miner-

as will be mentioned later. The K-Ar age ¢£.04+0.03  alization temperature of Oya quartz should be higher than
% 108 yr for hornblende from the porphyrite predates the agehese figures. This implies the possibility that the tempera-

for biotite from the quartzdiorite and this is consistent with ture of quartzdiorite that was a heat source of the hydrother-
the presumed sequence. mal fluids was still high and biotite in the quartzdiorite was

One problem to be considered is tA8Ar/3%Ar ratio of ~ Not yet closed for radiogenit’Ar at the formation of quartz
initially trapped Ar. Isotopic data on Ar from quartz have Veins. Hence the K-Ar age for biotite could approximate the
revealed that the hydrothermal fluids relevant to the minerlower limit of the Xe retention for the Te minerals crystal-
alization at Oya contained inherited excé@r [17]. This  lized in the quartz veins. Consequently, we havexale/
suggests that both biotite and hornblende might have trapped t<1.04x 10%, or (9.3=1.1)x 10" yr on average, for the Xe
initial Ar of such high °Ar/38Ar at crystallization, because retention age of Te mineral.
the porphyrite dykes and the quartzdiorite are regarded to be

products from the essentially same magma activity respon- C. Half-life for double- B decay of **’Te

sible for the quartz vein mineralizatidi4—16. A possible The half-life for 2¥Te is calculated by

choice of the*°Ar/ 3€Ar ratio for initial Ar is the measured

ratio for quartz: that is, 500.6. Because of accumulatioim of T1/,=0.6921%Te/(13%e) pgpit, )

situ decayed°Ar, this ratio is likely overestimated. Because
the “°Ar/ %®Ar ratio for biotite is as high as 526(Table ),  wheret is the Xe retention age of Te mineral. Substituting
the initial Ar correction does not affect the age largely. With (1.24+0.04x 10" for °Te/(**Xe)pgp and (9.3+1.1)
this initial ratio, the K-Ar age for biotite would be decreased x 10’ yr for the Xe retention age into Eq2), we have(7.9
by 4.1% to give 8.2% 10’ yr, whereas the age for porphy- *=1.0x10?°yr for the half-life of **°Te doubleg decay.
rite, for which the “°Ar/ %®Ar ratio is 2064, would be de- Uncertainty attached to the half-life was calculated according
creased by 11.5% to give 9.2010’ yr [17]. These ages may to error propagation. This is in good agreement with results
be regarded as the lower limit of age for the respectivereported by{8] and[10], but distinctly shorter than those by
sample. [3-5] and[6,7,13. The present result agrees well not only
Another important issue concerning the Xe retention is ofwith [8] but also with the'*°Te half-life of 8.6x 10?°yr re-
difference in closure temperature between Ar and Xe in difcalculated from data for another Te sampks] from the
ferent minerals. Below the closure temperatures of parerSuwa ming17,26.
and daughter elements, a geochronometer remains a “closed Works reported so far are solid and without doubt in their
system” for those elements, and can give a reliable ageanalytical result§13]. However, there are two problems on
Comparing in the same mineral, Xe is higher in closure temdetermination of Xe retention ages. The first question is of
perature than Ar. However, in the present case, radiogenidating methods. Dating with Te mineral its¢B,4] is inad-
130%e resides in tellurobismuthite, while radiogenf@Ar  equate because of the extremely low content of parent ele-
does in K-rich silicate minerals. Tellurobismuthite has cleav-ment, which signifies the possible contribution from inher-
age fracture and low melting temperature. Both cleavagéed daughter and sampling heterogeneity, as discussed by
fracture and low melting temperature tend to lower the Xg7,10,13,27. The common Pb methofb,7,13, as the au-
closure temperature. The closure temperature of radiogenttiors stated, is not based on timesitu accumulation of ra-
40Ar is 250—350 °C for biotitd20—27 and 550 °C for horn-  diogenic daughters, but depends on a model of temporal evo-
blende[20,21,23. The K-Ar ages for biotite and hornblende, lution of average isotopic composition for terrestrial Pb.
therefore, represent when rocks cooled to 300 °C, on aveffFherefore, the age represents the time for segregation of
age, and 550 °C, respectively. The closure temperature fanagma from its source, but it cannot reflect any geological
hornblende is significantly high and near the melting point ofdisturbance to the geochronometer system, such as violation
tellurobismuthite. Based on this fact and the field observationf a “closed system” caused by geological metamorphism,
of mutual cutting between the quartz veins and the porphybecause the common Pb age is dependent on the contents of
rite dikes[14], we can adopt the age for hornblende sepaneither parent nor daughter elements but only on the Pb iso-
rated from the porphyrite dike as an upper limit of the Xetopic ratios, which are insusceptible to partial loss of Pb.
retention aget<1.04x 10° yr. However, we are not conclu- The second question is concerning retentivity of radio-
sive for a lower limit of the Xe retention age, because of nogenic *%e in Te minerals. The fact that radiogerit’Xe is
guantitative data available on the closure of Xe in tellurobis-mobile from Te minerals even at low temperature, as found
muthite. As mentioned earlier, the formation age of quartzin Table Il as well as in the literatur@,7,28, suggests that
diorite probably postdates the formation age of the quartzhe Te-Xe system is sensitive to geothermal conditions. Al-
veins because of the slow cooling of the quartzdiorite bodythough we cannot estimate retentivity for radiogehi€Xe
relative to the quartz veins. Based on this assumption, wguantitatively, because of no data available on Xe diffusivity
adopt tentatively the formation age of quartzdiorite deterin Te minerals, Xe loss should have resulted in an apparent,
mined with biotite as a lower limitt>8.24x 10’ yr. We be-  long half-life. As well known, Colorado is on a famous orog-
lieve that this is not a wrong estimate. The mineral depositeny belt, in which there was a wide variety of geological
at Oya are typical mesothermal depos$itd]. A hint to min-  activities such as metamorphism and volcanism postdating
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the relevant ore deposits. No comments have been given amtiquity are more preferable to detection of radiogenic
geothermal effects on Te minerals from Colord8¢5,7,2§.  1?8Xe produced by thé?®Te DBD. The best estimate {8.52
For the Oya Te mineral, its occurrence and the geologicat-0.11)x 10" 4 [6,7], which was determined with Te ores of
signatures relating with mineralization have been well docuthe Precambrian era. With this ratio, the present result of the
mented[14—16. absolute*°Te half-life provides(2.2+0.3)x 10?*yr for the
Compared with theoretical computatiofid], the present absolute half-life of*?®Te doubleg decay. This agrees with a
half-life is more than seven times larger, except for the caltecommended value of>210°4 by [10].
culation using the quasiparticle random phase approximation In conclusion, the tellurium mineral 9.3+ 1.1)x 10" yr
(QRPA) [29]. It is impossible to reduce the Xe retention agecontains radiogenict**epgp amounting to(6.18+0.189
largely, if quantitative retention of radiogent®®e is as-  x 10" atom/g with 47.8 wt. % Te, of1.24+0.04)x 103 for
sumed, because the area in which the Oya mine is located garent 1*°Te/daughtert**Xe. These give7.9+1.0)x 10°° yr
geologically quiescent after termination of the igneous acfor the absolute half-life of*°Te doubleg decay. With the
tivities in the late Cretaceous. This suggests the existence qf, ,(130)/T,,(128) ratio of (3.52+0.11)x 10~ [6], we have

some nuclear effect suppressing the doybldecay prob-  (2.2+0.3)x 10?*yr for the absolute half-life of?®Te double-
ability, such as a particle-particle interaction effect in theg decay.

QRPA[29].

Because of the relatively short Xe-retention age and the
small sample size, the present result on e isotope is
obscured by experimental errors: We have no definite ex- We thank Professor K. Saito for K-Ar dating. Professor N.
cesses at?®Xe, and therefore no meaningful result on the Shimada provided invaluable comments on genesis of Te-
half-life ratio between'*’Te and*?®Te, beyond experimental bearing ores which helped improvement of the manuscript
errors for the Oya Te 1 and 2 samples. Since the relativgreatly. One of the authordN.T.) was supported in part by
half-life between3°Te and '%®Te can be determined inde- the Institute for Study of the Earth’s Interior, Okayama Uni-
pendently of the Xe retention age, Te samples of greateversity, Misasa.
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