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Double beta decay of '2Te has been confirmed and the ratio of half-lives for B8 decay of *°Te and
128Te has been precisely determined as T133 /712 =(3.52+0.11)X10™* by ion-counting mass spec-
trometry of Xe in ancient Te ores, using techniques that reduce interferences due to trapped Xe. We
have also detected excesses of '2Xe originating in high energy reactions of cosmic ray muons and their
secondaries on Te; such reactions make minor contributions to the measured '**Xe excesses in the Te
ores. The Xe measurements, combined with common Pb dating of the ores, yield a *°Te half-life of
(2.7£0.1) X 10*! yr and thus a '%Te half-life of (7.7+0.4) X 10%* yr, the longest radioactive decay lifetime
measured to date. These results give limits on the effective Majorana mass of the neutrino ( <1.1-1.5
eV) and right-handed currents (|{7)]| <5.3X 107%) comparable to the best obtained from direct neutri-
noless BB-decay searches. They also imply new limits on unconventional Majorons not constrained by
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measurements of the Z° decay width.

PACS number(s): 23.40.Bw, 14.60.Gh, 14.80.Gt, 27.60.+j

I. INTRODUCTION

Double beta (5f3) decay has long been recognized as
providing important constraints on the nature of exten-
sions to the standard model of electroweak interactions,
in particular on the issues of neutrino mass and conserva-
tion of lepton number [1]. Nuclear B8 decay occurs in
even-even nuclei for which the pairing force between like
nucleons energetically forbids ordinary single 3 decay to
an adjacent odd-odd isobar. In principle, there are at
least three modes in which such decay can take place: a
2v mode in which two antineutrinos are emitted along
with two electrons,

(A,Z)—>(A,Z +2)+2e +2V, (1)

a neutrinoless (0v) mode in which no neutrinos are emit-
ted (resulting from the emission of a virtual neutrino
from one neutron and its absorption by another),

(A4,Z)—>(A,Z+2)+2e +0V, (2)

and a Ov mode accompanied by the emission of a Gold-
stone boson (Majoron) ¢,

(A,Z2)—>(A4,Z +2)+2e +0v+4o . (3)

In 3B decay the neutrino may either be a Dirac particle
(v#¥) or a Majorana particle (v=%), where ¥ denotes the
charge-conjugate state or antiparticle. Observation of the
decay mode in Eq. (2) would imply that the neutrino is a
Majorana particle and that at least one neutrino eigen-
state has a nonzero Majorana mass [2].

BB decay is a second-order weak interaction, and, con-
sequently, it is one of the slowest processes in nature,

47

with half-lives normally in excess of 10%° yr. Although
the 2v decay mode of Eq. (1) has been observed in direct-
counting experiments for several isotopes, the low decay
rates make laboratory observation challenging and in
some cases essentially impossible. The geochemical
method of observing decay through daughter isotope
excesses in natural samples makes use of geological times
over which decays can be integrated. However, in order
to be observable the daughter product must make a
measurable change in the isotopic composition of the
daughter element. In practice, the noble gases, which are
normally present in extremely low concentrations in ter-
restrial materials (<10™% ppm for Xe), are the only
group of elements sufficiently scarce to make the geo-
chemical detection of 33 decay experimentally feasible.
For example, as early as 1949 Inghram and Reynolds [3]
were able to successfully use the noble gas Xe to study
the BB decay of Te. At present, the occurrence of BS de-
cay for the reactions *°Te— 3%Xe and 32Se—»32Kr have
been established beyond reasonable doubt, and half-lives
for these decays have been determined to be 10-30 and
1-2, respectively, in units of 10%° yr [4]. The disadvan-
tage of the geochemical method is that it does not direct-
ly determine the mode by which the 33 decay occurs, but
only gives the sum of all decay channels.

In this study, we are concerned with determination of
both absolute and relative BB3-decay rates for '2*Te and
130Te. This particular isotopic system represents a fortui-
tous combination of two circumstances favorable to the
evaluation of neutrino mass limits, one theoretical and
the other experimental. The phase-space dependence of
the 2v decay rate of a given nucleus can be represented as
a polynomial in Ty (where T, is the total kinetic energy
carried off by the leptons) that varies sharply as T} to
T)!. The Ov BB process varies somewhat less rapidly as
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To{m)?to T3{m)? where (m) is the effective Majora-
na mass of the neutrino [4,5]. This implies that the rela-
tive contribution of Ov BB decay to the '**Te decay
(T;=0.87 MeV) is much larger than that for '*°Te
(Ty=2.53 MeV) for values of {m ) near the current lim-
its of a few eV. The experimental advantage of the Te
system is that both of the daughters of the Te 33 decay,
128X e and *°Xe, are noble gases which can be easily ex-
tracted from Te ores. Their ratio, 2*Xe/!3%Xe, is directly
proportional to the ratio of decay rates I''?3/I''*0, and
can be determined with relatively high precision by
noble-gas mass spectrometry, thus eliminating many
sources of systematic error.

These advantages provided by the Te system have
prompted many groups to study it, and although the de-
cay of 13°Te is well established, there has been a long-
standing controversy over whether 8B decay of '2*Te has
actually been observed. Several studies by the University
of Missouri at Rolla group [6-8] have led to positive
claims, but work on Te from the Colorado Good Hope
Mine by the Heidelberg group [9,10] does not support
those observations. One major goal of the present study
was to resolve this controversy concerning observation of
128Te BB decay. We have conducted Xe isotopic analyses
on several Te ores, some from the same geological locales
(and in several cases from the same samples) as in these
prior studies, using high-precision noble-gas mass spec-
trometry combined with sample handling techniques
designed to eliminate nonradiogenic isotopic interfer-
ences to as large an extent as possible. As we will show,
we have confirmed the existence of 2*Te BB decay and
determined the likely source of the previous discrepancy.

In this study we are also concerned with improving
constraints on the absolute value of the *°Te half-life,
which is significantly uncertain despite several past stud-
jes. Theoretically predicted *°Te decay rates are general-
ly 1-2 orders of magnitude faster than the geochemically
determined rates [11], in contrast to the fairly good
agreement between predicted decay rates for 82Se (using a
weak-coupling shell-model calculation [12]) and the ex-
perimentally determined rates. In a few cases [10], the
130Te half-life has been derived from ores containing both
Se and Te where the geochemically determined *2Se half-
life agrees with direct counting results, indicating a real
suppression in the '3°Te decay rate compared with
theory. Nonetheless, current best estimates of the 1307¢
half-life span a factor of 3 (see Sec. III D), and there is at
least the possibility that geochemical estimates of the
half-life for '*Te are very wrong. This uncertainty arises
to a significant extent in establishing the geological age of
the Te ore. Chronological data for Te ores are generally
scarce, and ages are sometimes inferred only from geolog-
ical context, which sets an upper limit to the ore age.
Even in cases where the age has been determined from
the Te ore itself, the chronometer used has always in-
volved a noble-gas daughter, some of which might have
been lost from the ore by thermal events or else acciden-
tally inherited during the process of ore formation. Our
investigations have therefore included exploration of oth-
er geochemical systems in Te ores which might provide
improved chronological constraints.

II. SAMPLES AND EXPERIMENTAL PROCEDURES

Three samples of native Te were obtained from P.
Dunn of the Smithsonian Institution’s National Museum
of Natural History: from the American Mine (NMNH
R 177), Sunshine District, Boulder Co., CO; from the Vul-
can Mine (NMNH C88), Gunnison Co., CO; and from
the Good Hope Mine (NMNH 85138), Vulcan, CO. The
Vulcan and Good Hope mines evidently sample the same
ore body [13]. The Good Hope sample is from the same
locale as that studied by Kirsten et al. in 1968 [14] and
1983 [9]. Each sample consisted of massive polycrystal-
line Te, and quantitative elemental analysis with a scan-
ning electron microscope energy dispersive x-ray spec-
trometer (EDS) showed that the samples were at least
99.9% pure Te. We obtained from O. K. Manuel sam-
ples of altaite (PbTe; 39.0 wt. % Te) from Mattagami
Lake, Quebec and krennerite [(Au,Ag)Te,; 60.0 wt % Te]
from Kalgoorlie, Australia; both of these ores have been
previously analyzed by Lee, Manuel and Thorpe [8].
From R. Grauch of the U.S. Geological Survey in Denver
we also obtained samples of krennerite (58.8 wt % Te)
and calaverite (AuTe,; 57.4 wt.% Te) from Cripple
Creek, CO. The Cripple Creek samples are known to be
relatively young and we did not expect to observe excess
128%e in them; they are included in this study to help
evaluate the decay rate of !**Te. The Te contents of all
samples, determined by EDS analyses, are in satisfactory
agreement with published values for specimens from
these locales [15].

Country rock adhering to samples was removed using a
diamond drill, and larger samples were broken into
gram-size fragments which were otherwise unprocessed
except for dusting with a dry nitrogen jet. Pieces adja-
cent to those used for noble-gas analysis were saved for
thermal ionization mass spectrometry analysis.
Numerous studies (e.g., [16]) have shown that crushing of
samples in air can introduce into minerals appreciable
quantities of atmospheric Xe which cannot be removed
even by lengthy subsequent vacuum exposure at
moderate temperatures (several hundred °C), so in order
to avoid introducing atmospheric Xe contamination no
attempt was made to homogenize samples by crushing in
air.

The apparatus used for noble-gas extraction is shown
in Fig. 1. The sample was loaded into the apparatus,
which was evacuated to < 10 % torr and baked overnight
at 65°C to remove surface contaminants. This tempera-
ture is sufficiently low that quantitative retention of indi-
genous Xe in the uncrushed samples is ensured. Gas ex-
traction was accomplished by sample crushing in vacuo
followed by stepwise heating, except in the case of the al-
taite, calaverite, and Kalgoorlie krennerite, for which
insufficient sample was available for crushing. (These
samples were simply loaded into a side arm in the gas ex-
traction system and later subjected to stepwise heating
analysis.) In the sample crushing protocol, the sample
was pulverized in vacuo between two polished hardened
steel anvils to release Xe which may have been trapped in
small vesicles or crystal boundaries at the time of sample
formation. The powder thus produced had a very fine
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FIG. 1. Schematic of the Xe extraction and gettering ap-
paratus.

grain size, with 99% of the powder in grains less than 20
pm. The Xe released in crushing was analyzed following
the procedures described below.

Before the stepwise heating stage, the sample was
poured in vacuo into a graded seal pyrex-quartz tube
which could be externally heated. For the crushed sam-
ples, the mass involved in the heating experiments was
determined by difference between the original sample
mass and that which remained in the crusher at the end
of the experiment. It is important to note that the sample
transfer procedure was conducted without any interven-
ing exposure of the crushed sample to air, thus avoiding
acquisition of atmospheric Xe on the newly created grain
surfaces. This protocol was not entirely successful in the
case of the Good Hope sample because vibration-induced
rupture of a pyrex wall in the extraction apparatus oc-
curred at the start of sample crushing; in this case the
crushing was completed after the apparatus was repaired
and reevacuated, and the gas released on crushing was
analyzed together with gas released from the first heating
step at 150°C. On the basis of subsequently obtained Xe
data, this sample appears to have been little contaminat-
ed by its brief exposure to air.

Xe was extracted from the sample by stepwise heating
in seven or more successively higher 1-h temperature
steps, with analysis of Xe following each step, until the
Xe levels and isotopic composition approached that of
the instrumental background. After the final heating step
the native Te samples and altaite had been completely va-
porized and recondensed in cooler parts of the extraction
tube, ensuring complete Xe extraction. For the krenner-
ite and calaverite samples, a Au residue remained after
the bulk of the sample had evaporated. Active gases
released by heating were removed by exposure to SAES
ST-707 getter alloy held at 400°C, and progress in the
cleanup was monitored with a high vacuum pyrex ther-
mocouple gauge. After initial cleanup, the remaining

gases were admitted into the vacuum manifold of the
mass spectrometer and exposed to freshly deposited Ti
films for further gettering. The Xe was then adsorbed on
activated charcoal (at —81 °C, using a mixture of dry ice
and acetone) which had been maintained at 150°C to
prevent adsorption of ambient Xe. Ar and other nonad-
sorbed gases were then pumped away by 10-min exposure
to a Hg diffusion pump. The Xe was finally desorbed
from the charcoal at 150°C and admitted to the mass
spectrometer for analysis.

The Xe measurements were carried out using a high-
sensitivity ion-counting mass spectrometer (21.5 cm, 90°
sector) similar to one previously described by Hohenberg
[17], which has recently been brought on line in our labo-
ratory and has not been used for any previous analyses
except of atmospheric noble gases. This ensures that the
Te ore analyses cannot have been affected by spectrome-
ter “memory” effects caused by release of previously im-
planted anomalous Xe by ion beam scrubbing. Mass
discrimination and sensitivity were determined by
analysis of known quantities of air Xe. The instrumental
mass discrimination at all isotopes was small (<0.5%)
and reproducible to better than 0.1% at all isotopes ex-
cept for the two least abundant ones, 124%e and %%Xe
(£0.5%). The signal strengths for a given quantity of Xe
were reproducible to +2%; uncertainties in the absolute
abundance of Xe in the present work are less than 5%.
Background Xe levels were measured by ‘‘blank” runs
following the procedures described above except that no
sample was used. Blank levels for *?Xe were 10™"* cm®
STP for the crushing step and 5X 10715 ¢cm3 STP for the
subsequent heating steps (1 cm® STP=2.687 X 10'° atom),
and all blanks had atmospheric Xe composition within
analytical uncertainties.

For solid element chemical and isotopic analysis,
pieces of the Te ores were briefly washed in 1IN HCI and
IN HNOj; to remove surface contamination; these were
next crushed to a fine powder, and in the case of the
American and Good Hope samples were split in half pri-
or to crushing for replicate analysis. The ore was dis-
solved in aqua regia, and ion exchange chemistry was
performed to isolate elements of potential geochronologi-
cal interest—K, Ca, Rb, Sr, U, and Pb. Isotopic analyses
were performed on a VG-354 thermal ionization mass
spectrometer using methods previously described [18].
Absolute elemental abundances were determined by stan-
dard isotope dilution techniques.

III. RESULTS

The measured Xe isotopic compositions of each of the
Te ores are displayed in Table I. The data have been
corrected only for instrumental mass discrimination and
minor Xe-hydride interferences (XeH/Xe=4X10"%); it
should be noted that because there is no stable Xe isotope
at mass 127 and because the absolute abundance of *°Xe
is generally small compared to **Xe in the Te ores, XeH
corrections have an entirely negligible effect on our deter-
mination of '2Xe/!’°Xe from BB decay. We have not
corrected the data in Table I for blanks: the instrumental
background Xe is expected and observed to be atmos-
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TABLE I. Xe isotopic composition of Te ores. Xe isotopic ratios in Te ores relative to 1**Xe=100.0. Stated errors in isotopic ra-
tios are 1o. Data have been corrected only for XeH and instrumental mass discrimination.

Temp.? 32xet Isotopic composition (!*2Xe=100)

©C) 10715 cm¥/g aye 126x0 1286 1295 130y e 1Blye 134ye 1366
American Mine Te (3.9804 g)

25 253.8 0.3473 0.3535 7.209 105.77 326.2 81.76 39.76 34.09
+0.0129 +0.0140 +0.067 +0.42 +0.9 +0.28 +0.19 +0.18
200 123.7 0.4042 0.3154 7.341 106.00 340.0 83.62 39.00 33.51
+0.0212 +0.0216 +0.079 +0.48 +14 +0.48 +0.28 +0.24
300 152.3 0.3297 0.3838 8.016 138.48 1971.6 101.06 39.15 32.77
+0.0192 +0.0215 +0.121 +0.62 +4.8 +0.51 +0.27 +0.27
350 90.8 0.3300 0.4728 9.208 212.56 5746.8 140.72 38.66 32.92
+0.0239 +0.0216 +0.146 +1.01 +19.9 +0.97 +0.30 +0.31
400 91.9 0.3788 0.4231 9.197 203.60 5291.9 135.32 39.57 33.56
+0.0277 +0.0274 +0.130 +0.71 +20.1 +0.83 +0,33 +0.25
460 138.9 0.3799 0.3767 8.408 155.53 2896.8 109.64 39.67 33.86
+0.0209 +0.0195 +0.087 +0.57 +7.6 +0.54 +0.30 +0.20
500 76.0 0.3551 0.3524 8.391 163.82 3367.5 114.68 39.98 34.18
+0.0320 +0.0364 +0.156 +0.84 +10.3 +0.57 +0.30 +0.25
600 117.6 0.3511 0.3458 7.094 103.80 304.9 80.92 38.70 32.93
+0.0278 +0.0197 +0.068 +0.46 +1.2 +0.47 +0.31 +0.25
Total 1045.0 0.3581 0.3720 7.923 139.06 2035.7 100.63 39.35 33.52
+0.0076 +0.0075 +0.036 +0.22 +4.1 +0.19 +0.10 +0.08

Good Hope Mine Te (2.9988 g)

150° 288.2 0.3536 0.3185 7.148 116.46 132.1 93.30 38.61 32.96
+0.0211 +0.0165 +0.092 +0.31 +0.3 +0.25 +0.24 +0.22
200 57.1 0.3146 0.3764 7.367 128.44 177.8 99.25 38.83 33.26
+0.0410 +0.0468 +0.136 +0.98 +1.2 +0.90 +0.36 +0.43
300 151.4 0.3837 0.3265 7.549 288.96 1269.6 225.30 38.77 33.06
+0.0289 +0.0289 +0.104 +1.23 +5.3 +1.43 +0.31 +0.24
350 122.3 0.3751 0.4110 8.826 759.84 4509.9 608.38 38.78 33.04
+0.0252 +0.0242 +0.148 +3.05 +17.4 +3.26 +0.36 +0.25
400 158.4 0.3192 0.4592 9.337 1001.05 6221.1 807.21 38.67 33.51
+0.0296 +0.0300 +0.106 +3.01 +20.8 +2.98 +0.27 +0.20
460 119.3 0.3254 0.3976 8.955 764.27 4520.7 607.59 39.40 33.52
+0.0289 +0.0417 +0.161 +2.91 +21.4 +3.37 +0.30 +0.31
500 28.3 0.3315 0.3819 7.424 270.35 1194.2 218.27 39.63 33.13
+0.0616 +0.0702 +0.270 +2.72 +8.5 +2.03 +0.63 +0.51
600 35.6 0.4031 0.3027 7.239 97.69 16.9 77.07 38.22 32.21
+0.0568 +0.0494 +0.235 +1.13 +0.4 +0.99 +0.59 +0.55
Total 960.6 0.3508 0.3693 8.035 456.45 2447.8 364.73 38.79 33.14
400110  +0.0110  +0.048 +0.97 +6.4 +0.94  +0.12  +0.10

Vulcan Mine Te (3.7348 g)
25 129.8 0.3450 0.3603 7.539 218.90 899.0 177.31 39.07 32.98
+0.0253 +0.0232 +0.083 +1.02 +2.8 +0.73 +0.28 +0.26
200 56.0 0.3773 0.3436 7.340 200.22 632.2 160.53 38.75 32.56
+0.0489 +0.0383 +0.173 +1.40 +3.8 +0.86 +0.36 +0.33
250 43.5 0.3663 0.3801 7.717 435.06 2061.1 355.53 39.61 33.18
+0.0508 +0.0485 +0.166 +2.51 +12.2 +2.41 +0.55 +0.45
300 64.0 0.3724 0.3957 8.539 774.39 4147.5 647.34 40.49 3442
+0.0379 +0.0335 +0.148 +4.52 +22.6 +4.16 +0.47 +0.39
350 103.3 0.3225 0.4339 9.137 1076.98 6057.7 919.02 39.93 33.75
+0.0260 +0.0297 +0.123 +3.91 +22.9 +3.95 +0.25 +0.23
400 52.3 0.3365 0.4892 12.022 2171.14 13078.4 1890.52 39.62 34.01
+0.0417 +0.0576 +0.232 +8.83 +60.3 +10.36 +0.39 +0.31
460 47.2 0.3650 0.3870 10.646 1535.76 9197.7 1326.09 39.46 34.42
+0.0436 +0.0492 +0.202 +9.29 +54.6 +9.16 +0.44 +0.45
500 16.3 0.3412 0.3753 10.149 1201.56 7731.1 1080.03 39.04 34.26

+0.0939 +0.0623 +0.406 +9.62 +58.1 +10.05 +0.86 +0.86
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TABLE 1. (Continued).
Temp.? 132xe® Isotopic composition (**?Xe=100)
(oc) 10~ 15 CmS/g 124Xe 126Xe 128Xe 129XC 130)(e 131)(e 134)(e 136Xe
600 15.4 0.1600 0.3898 7.466 99.18 20.2 80.21 39.56 33.82
+0.0992 +0.0998 +0.240 +1.15 +1.0 +1.52 +0.81 +0.56
Total 527.8 0.3445 0.3953 8.767 807.95 4503.5 689.79 39.52 33.57
+0.0134 +0.0134 +0.054 +2.04 +12.4 +1.99 +0.13 +0.12
Mattagami altaite (2.3381 g; 0.9121 g Te)
100 12.7 0.2626 0.1723 6.647 98.62 24.7 78.75 37.76 33.16
+0.1381 +0.1180 +0.399 +1.50 +0.8 +1.65 +0.85 +0.95
200 109.4 0.3704 0.2843 7.109 99.06 38.6 78.75 38.82 33.32
+0.0389 +0.0339 +0.137 +0.68 +0.4 +0.65 +0.39 +0.33
300 303.5 0.3574 0.3429 7.252 99.07 63.8 79.10 38.51 32.88
+0.0209 +0.0181 +0.106 +0.37 +0.3 +0.37 +0.25 +0.24
400 154.0 0.3935 0.3154 7.236 101.25 200.1 80.25 39.17 32.97
+0.0277 +0.0290 +0.156 +0.71 +0.7 +0.48 +0.39 +0.28
450 135.1 0.3320 0.2921 7.408 102.79 327.4 79.66 38.85 32.69
+0.0311 +0.0316 +0.121 +0.55 *1.4 +0.52 +0.40 +0.30
500 107.5 0.3455 0.3297 7.429 108.40 673.8 82.39 38.85 32.91
+0.0368 +0.0321 +0.130 +0.90 +3.9 +0.73 +0.43 +0.30
550 106.1 0.4222 0.3896 7.544 113.36 1012.5 85.85 39.07 33.96
+0.0395 +0.0366 +0.150 +0.69 +4.6 +0.77 +0.35 +0.37
600 122.1 0.4030 0.3255 7.548 110.30 913.5 83.33 38.71 33.06
+0.0296 +0.0365 +0.119 +0.65 +3.4 +0.56 +0.31 +0.35
650 83.1 0.3587 0.3985 7.869 115.86 1271.8 86.09 39.25 32.26
+0.0465 +0.0407 +0.162 +1.05 +7.6 +0.71 +0.45 +0.38
700 148.2 0.3131 0.3258 7.850 124.91 1898.5 89.81 38.69 33.27
+0.0350 +0.0285 +0.097 +0.83 +7.1 +0.48 +0.32 +0.30
750 187.2 0.3451 0.3061 8.244 136.82 2723.8 94.99 38.81 33.27
+0.0243 +0.0208 +0.104 +0.55 +8.2 +0.38 +0.30 +0.28
800 194.8 0.3410 0.3942 7.799 123.48 1761.2 90.04 39.33 33.77
+0.0310 +0.0283 +0.112 +0.59 +5.7 +0.54 +0.27 +0.28
850 105.1 0.3481 0.2907 7.435 105.79 523.7 81.95 38.39 32.96
+0.0249 +0.0305 +0.148 +0.76 +2.5 +0.61 +0.38 +0.34
900 37.5 0.4164 0.4871 7.041 100.60 125.0 80.44 41.06 35.11
+0.0745 +0.0679 +0.245 +1.13 +1.1 +0.96 +0.72 +0.66
Total 1806.3 0.3589 0.3356 7.543 111.54 935.7 84.32 38.89 33.17
+0.0089 +0.0083 +0.037 +0.19 +1.7 +0.15 +0.10 +0.09
Kalgoorlie krennerite (1.1408 g; 0.6839 g Te)
100 10.0 0.0286 —0.1892 6.621 98.62 121.4 81.88 38.03 32.89
+0.3576 +0.3291 +0.557 +2.67 +2.5 +2.58 +2.07 +1.66
200 109.7 0.3630 0.3281 7.126 98.38 24.2 78.54 37.94 32:97
+0.0847 +0.0613 +0.299 +0.99 +0.3 +0.88 +0.62 +0.63
300 473.9 0.3390 0.3390 7.064 99.37 66.7 78.25 38.02 32.58
+0.0262 +0.0252 +0.133 +0.51 +0.4 +0.42 +0.37 +0.25
350 316.7 0.3713 0.3689 7.220 108.32 546.5 81.87 38.74 32.97
+0.0329 +0.0319 +0.116 10.62 +2.8 +0.52 +0.38 +0.40
400 293.6 0.3332 0.3585 10.711 261.72 10006.5 139.30 38.91 32.96
+0.0307 +0.0331 +0.141 +1.24 +40.0 +0.91 +0.37 +0.30
450 92.7 0.3099 0.3356 16.143 537.11 26857.3 246.03 38.51 32.99
+0.0660 +0.0646 +0.268 +3.23 +127.8 +1.72 +0.70 +0.58
500 4.5 2.1105 0.3287 7.802 108.24 354.3 83.76 38.53 36.29
+0.6442 +0.6532 +1.069 *3.55 +8.5 +3.86 +2.62 +1.83
550 4.8 —0.2610 —0.2502 7.638 95.12 173.6 80.73 40.04 33.01
+0.5916 +0.4012 +0.865 +3.32 +4.5 +2.92 +1.79 +1.66
Total 1305.9 0.3469 0.3432 8.573 169.04 4317.8 104.84 38.43 32.84
+0.0169 +0.0159 +0.072 +0.50 +19.2 +0.33 +0.20 +0.16
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TABLE 1. (Continued).

Temp.? BB2xe® Isotopic composition (!32Xe=100)
CC) 10715 em’/g 24yce 126y 128ye 1295 130y e 1BIxe 134ye 136%0

Cripple Creek krennerite (3.2033 g; 1.8823 g Te)

25f 185.2 0.3575 0.3326 6.932 98.43 15.3 78.51 38.82 33.00
+0.0257 +0.0257 +0.088 +0.53 +0.2 +0.42 +0.28 +0.24
25f 974.4 0.3302 0.3058 7.121 98.44 15.5 79.09 38.90 33.09
+0.0099 +0.0097 +0.047 +0.26 +0.1 +0.20 +0.09 +0.14
100 21.8 0.2897 0.1957 6.849 98.29 16.7 78.61 39.61 33.74
+0.0812 +0.1082 +0.268 +0.82 +0.5 +1.24 +0.69 10.61
200 108.5 0.3742 0.3164 7.312 99.03 17.4 79.17 38.85 33.01
+0.0328 +0.0344 +0.145 +0.71 +0.2 +0.63 +0.34 +0.32
300 130.2 0.3787 0.3323 7.265 103.57 284 83.81 39.21 33.94
+0.0316 +0.0310 +0.125 +0.55 +0.2 +0.68 +0.28 +0.31
350 146.1 0.2950 0.2829 7.089 139.28 142.3 124.78 42.05 37.50
+0.0264 +0.0290 +0.130 +0.58 +0.7 +0.59 +0.39 +0.31
400 69.4 0.2247 0.3909 6.490 331.96 714.6 333.53 48.80 47.15
+0.0569 +0.0394 +0.164 +1.91 +4.3 +2.60 +0.51 +0.49
450 20.8 0.0717 0.3211 6.747 128.24 115.0 112.72 42.63 39.49
+0.0956 +0.1124 +0.279 +1.41 +1.5 +1.28 +0.87 +0.70
500 7.5 —0.1813 0.1341 6.957 102.30 22.7 81.26 41.75 36.08
+0.2999 +0.1979 +0.446 +1.97 +1.0 +1.65 +1.21 +1.10
550 19.0 0.3556 0.1372 6.829 97.45 17.0 81.01 40.95 36.48
+0.1224 +0.1300 +0.346 +1.38 +0.7 +1.33 +0.75 +0.74
600 67.4 0.3329 0.2048 7.116 96.75 15.2 78.12 38.27 33.18
+0.0631 +0.0510 +0.144 +0.76 +0.3 +0.77 +0.43 +0.42
700 115.6 0.3169 0.3126 7.319 99.47 15.3 78.46 39.30 33.06
+0.0642 +0.0523 +0.211 +0.91 +0.3 +0.64 +0.44 +0.58
Total 1865.9 0.3263 0.3055 7.098 111.06 53.6 92.73 39.61 34.13
+0.0087 +0.0082 +0.035 +0.20 +0.3 +0.19 +0.08 +0.10

Cripple Creek calaverite (0.3564 g; 0.2044 g Te)
100 58.2 —0.7490 —0.7356 6.704 97.35 15.3 75.67 38.64 33.20
+0.2470 +0.3139 +0.495 +2.61 +0.7 +2.17 +1.25 +0.94
200 317.1 0.2359 0.2435 7.260 98.37 14.8 78.20 37.64 32.74
+0.0638 +0.0668 +0.238 +1.18 +0.4 +1.15 +0.59 +0.61
300 557.0 0.3800 0.2946 7.140 97.55 15.2 80.27 38.87 33.21
+0.0390 +0.0524 +0.153 +0.87 +0.2 +0.78 +0.54 +0.42
400 557.8 0.3109 0.2115 7.158 102.45 22.9 86.55 38.88 33.52
+0.0661 +0.0877 +0.245 +1.01 +0.5 +1.00 +0.65 +0.49
500 789.0 0.3221 0.3100 7.024 147.30 101.1 163.91 39.44 33.41
+0.0392 +0.0357 +0.124 +1.03 +0.7 +0.93 +0.48 +0.31
600 149.7 0.0728 0.0410 7.246 98.35 16.0 78.57 38.33 33.89
+0.0989 +0.1162 +0.382 +1.26 +0.5 +1.21 +0.90 +0.75
700 779 0.1374 0.1105 6.765 99.89 15.8 80.89 39.64 33.65
+0.1815 +0.1940 +0.503 +1.64 +0.8 +1.90 +0.96 *t1.16
Total 2506.7 0.2761 0.2297 7.107 114.52 44.0 107.54 38.88 33.34
+0.0240 +0.0283 +0.086 +0.48 +0.3 +0.46 +0.26 +0.20
Air? 0.353 0.329 7.12 98.33 15.12 78.98 38.81 32.99
+0.002 +0.002 +0.02 +0.01 +0.03 +0.08 +0.08 +0.06
¥ Ufgsion 1274  139.83  168.07

+0.66 1+4.48 +4.80

#Extraction temperature for stepwise heating. The 25 °C data are for Xe extracted by in vacuo crushing.

®Xe concentrations in cm® STP/g, based on total sample mass. Absolute concentrations have an uncertainty of less than 5%.
°Combination of crushing step and 150 °C heating.

dReference [57].

‘Reference [58].

fSample was crushed in two successive steps.
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pheric in composition and thus is treated as part of the
trapped component in the data analysis (Sec. IIT A).

One of the major reasons for performing noble-gas
analyses is that the background abundance of noble gases
in minerals is very low, whence small quantities of noble-
gas nuclides generated by nuclear processes lead to ob-
servable changes in isotopic composition. The traditional
complementary problem is that there are frequently mul-
tiple sources of Xe isotopes, and the Xe components from
these sources must be resolved in order to identify the
isotopic components of primary interest, e.g., in the
present case the 8B8-decay daughters '2Xe and *°Xe. In-
spection of Table I shows that, in comparison with at-
mospheric Xe, there are generally enormous isotopic
excesses at 1**Xe, and these cannot plausibly be attribut-
ed to sources other than B8 decay of '**Te. In contrast,
isotopic enrichments at '?Xe (and the other Xe isotopes)
are substantially smaller, and evaluating the possible
sources of these enrichments requires exact calculations
which decompose the observed mass spectrum into the
constituent contributions.

On the basis of prior experience in the analysis of ter-
restrial minerals, we anticipate that there will be at least
two Xe components in addition to that generated by Te
BB decay. One is comprised of Xe initially trapped in the
ore at the time of its formation and/or subsequently oc-
cluded from atmospheric sources by a variety of mecha-
nisms (hereafter denoted “trapped” Xe). The second is
the result of fission of actinide elements. There are also
additional Xe components resulting from the transmuta-
tion of Te isotopes by various nuclear particle reactions
(derived concentrations of several Xe components in the
Te ores are presented in Table IV). In this section we
give a detailed account of how the decomposition of the
measured Xe spectra into their various components was
conducted.

A. Trapped and fissiogenic Xe

The trapped component contributes to all nine isotopes
of Xe and is expected to be a small contributor to *°Xe
but the major contributor to '2®Xe in Te ores. Since the
isotopic enrichments of 'Xe are small (Table I), estima-
tion of the trapped Xe composition and, in particular, its
contribution to this isotope constitutes the major source
of analytical uncertainty in the determination of *¥Xe
due to BB decay of 128Te. Nonetheless, experience with
all kinds of terrestrial samples indicates that trapped Xe
can be expected to have the isotopic composition of at-
mospheric Xe or possibly a mass-fractionated atmospher-
ic composition (mass fractionation is some smooth com-
positional dependence on difference in isotopic mass ow-
ing to some physical process such as diffusional loss).
Correlations of isotopic ratios determined from the step-
wise heating data (e.g., Figs. 2—4) reveal that the trapped
Xe in the Te ores studied here is generally indistinguish-
able from unfractionated atmospheric Xe. The predom-
inant form of fission Xe is confidently expected to be that
from spontaneous fission of 23%U, whose composition is
well known (Table I). Fission contributes to the heavy
Xe isotopes 31Xe, 132Xe, 13*Xe, and 3°Xe but does not

contribute to the light Xe isotopes '**Xe, 2°Xe, '2%Xe,
and '**Xe, because production of these isotopes through
B-decay chains is shielded by stable Te isotopes (!**Te and
139Te in this context are effectively stable). Mass 129 iso-
bars are sufficiently far off of the heavy fragment peak of
the mass yield distribution that '*Xe production in 2**U
decay is negligibly small compared to yields for heavier
Xe isotopes.

The only known contributions to the three heaviest Xe
isotopes (132Xe, **Xe, and '*Xe) are from the trapped
and fission Xe (Table I), and we can use the ratios of these
isotopes to resolve these two components. As shown
qualitatively in Fig. 2, the individual Xe extraction data
for the heavy Xe isotopes are indeed consistent with a
mixture of atmospheric and fission Xe. For most of these
data, the fission component makes only a small contribu-
tion to 1**Xe (generally <1%). Because only one isotopic
ratio (e.g., **Xe/!3?Xe) is necessary to evaluate the rela-
tive proportions of the fission and trapped components,
and two are available, this is an overdetermined algebraic
system. To resolve the two components quantitatively,
we used a least-squares algorithm [19] for the !'3?Xe-
134X e-136Xe system which takes correlated errors into ac-
count.
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FIG. 2. Three-isotope correlation diagram of heavy Xe iso-
topes released in vacuum crushing and stepwise heating of Te
ores, showing that these isotopes represent a two-component
mixture of trapped atmospheric Xe and Xe from spontaneous
fission of 28U (cf. Table I). The line in the lower part of the dia-
gram is for a mixture of these two components; the small dots
on the line are 1% increments in the fraction of either com-
ponent contributing to '**Xe. The upper diagram is an enlarge-
ment of the boxed area in the lower diagram.
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Once the relative proportions of atmospheric and
fission Xe are determined from the heavy Xe isotope ra-
tios, these two components are subtracted from the mea-
sured isotopic spectrum at all isotopes to which they con-
tribute. The residual or excess Xe isotopic spectra are
shown in Table II, with the sample data renormalized to
the dominant remaining isotope *°Xe and summed over
all Xe extraction steps. As discussed in detail below,
these residuals result predominantly from nuclear
transmutations (spontaneous and induced) of isotopes of
Te.

Since the 132X-13*Xe-136Xe system is overconstrained it
also provides a consistency check: With our isotopic
resolution algorithm the residual abundance of !32Xe
necessarily vanishes and the weighted mean abundances
of 1¥*Xe and ’*Xe must also vanish, but their individual
abundances need not. Within errors, however, they do
vanish (Table II), indicating that the abundances of these
three isotopes can be quantitatively understood in terms
of a superposition of trapped and fissiogenic components.

Moreover, after the subtraction of the trapped and
fissiogenic components, the abundance of '>*Xe becomes
vanishingly small in most samples. This indicates that
source of this isotope is the trapped component alone,
and further that the trapped component is atmospheric in
composition without any mass fractionation. This means
that a high degree of confidence can also be placed in the
trapped Xe corrections to 2!Xe and *°Xe and the result-
ing determination of the radiogenic !Xe/!**Xe ratio
(Table II). In the case of the Cripple Creek samples,
there does appear to be some fractionation of the trapped
Xe, as is evident from the nonvanishing **Xe residuals
(Table II). Because they are too young (Table VI), these

samples are not used in determining the radiogenic
128X /130X e ratio, and slight mass fractionation of the Xe
does not compromise our ability to resolve trapped '3°Xe
from the measured abundance of this isotope.

Even the very small quantities of fission Xe derived for
our native Te samples are in several instances too large to
be accounted for by the measured U concentrations (=<3
ppb; Table IV) during the lifetimes of these ores. Al-
though the Good Hope fission Xe gives a formation age
roughly consistent with the geological age of the ore de-
posit (Sec. III D), the inferred U-fission Xe ages for the
American Mine and Vulcan Mine are in excess of the age
of the earth. We thus infer that for the latter samples
some of the fission Xe must have been inherited by the
ores during their formation. This is not unreasonable,
since the hydrothermal fluids from which the Te was de-
posited may have traversed granitic rocks comparatively
rich in actinides and scavenged fission Xe from them.
The Cripple Creek krennerite, on the other hand, has a
far greater U concentration (~2 ppm) so is fairly insensi-
tive to inherited fission Xe of the levels in the native Te
samples; it gives a U-Xe age of (23+2)X 10° yr, roughly
consistent with a geological age of 28X 10°% yr for the
Cripple Creek Te ores [20].

B. Xe from neutron capture on Te

Inspection of the residual Xe isotopic spectrum (Table
II) reveals that there are significant excesses of 'Xe and
BXe. These may plausibly be attributed to neutron cap-
ture on '2*Te and *°Te, respectively, as has been noted in
previous studies of Te ores [3,6,21,22]. In the case of the
Te ores in this study, both 2°Xe and !}!Xe released in

TABLE II. Isotopic compositions of Te-derived Xe. Isotopic composition from Table I, with initial trapped atmospheric Xe and
fissiogenic Xe removed (cf. footnotes d and e, Table I). Data are isotopic ratios relative to '**Xe=100. Stated errors are lo. '*?Xe
was used as the reference isotope in the trapped-fission Xe decomposition, so its residual abundance is nil.

130 e? Isotopic Composition (3°Xe=100; *?Xe=0)

Sample (1072 cm®*STP/g) 124X e 126Xe 128X e 129Xe Bixe 134xe B36Xe
American Mine 21.20 0.000 33 0.002 20 0.0413 2.04 1.086 0.005 —0.003
native Te +0.000 38 +0.000 37 +0.0019 +0.02 +0.012 +0.007 +0.007
Good Hope Mine 23.37 —0.00008 0.001 67 0.0378 14.72 11.749 —0.004 0.002
native Te +0.000 46 +0.000 46 +0.002 2 +0.05 +0.044 +0.008 +0.007
Vulcan Mine 23.77 —0.00015 0.001 52 0.0375 15.82 13.616 0.004 —0.002
native Te +0.000 30 +0.000 30 +0.0013 +0.05 +0.049 +0.005 +0.005
Mattagami 42.62 0.000 69 0.00076 0.0467 1.45 0.587 —0.003 0.004
altaite +0.00097 +0.000 90 +0.004 4 +0.03 +0.026 +0.017 +0.016
Kalgoorlie 93.73 —0.000 14 0.000 33 0.0338 1.64 0.601 —0.009 —0.004
krennerite +0.000 40 +0.000 38 +0.001 17 +0.01 +0.008 +0.005 +0.004
Cripple Creek 1.227 —0.0633 —0.0555 0.095 35.09 37.04 —0.104 0.043
krennerite +0.027 4 +0.050 8 +0.127 +0.90 +0.65 +0.333 +0.365
Cripple Creek 1.265 —0.2591 —0.3368 0.090 57.79 100.05 —0.272 0.315
calaverite +0.0859 +0.1013 +0.355 +3.23 +2.89 +1.363 +1.113

2Absolute '**Xe concentration normalized to Te mass only. Uncertainty is <5%.
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stepwise heating correlate with the radiogenic *°Xe pro-
duced from BB decay of '*°Te. This is illustrated in Fig.
3, where we plot the '2Xe/!¥?Xe and "3'Xe/!*?Xe ratios
as a function of 13°Xe/!3?Xe. The data describe a mixing
relationship between atmospheric Xe and a Te-derived
component, with the composition of the latter differing
among samples because of the differences in their neutron
exposures. Since **Xe is not radiogenic (the data have
been corrected for small amounts of fission Xe, as de-
scribed above), the point corresponding to the component
derived from Te lies at infinity, and the slopes of the vari-
ous correlation lines give the ratio of *Xe and *'Xe
from neutron capture to '*°Xe from BB decay. The fact
that these correlation lines pass through the point corre-
sponding to atmospheric Xe within analytical uncertainty
again indicates that the trapped Xe in the native Te sam-
ples is compositionally identical to atmospheric Xe.

The ratio of excess '¥Xe to *'Xe varies among the
samples studied here (from 0.6 to 2.7; Table III), and is in
most cases markedly greater than the ratio of approxi-
mately 0.6 expected from thermal neutron capture on
128Te and !*°Te. Browne and Berman [23] have shown
that resonance capture of epithermal neutrons can pro-
duce ¥Xe/"3!Xe ratios up to 4, so it is likely that much
of the variability of this ratio in our samples comes from
differences in the proportions of thermal and resonance
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FIG. 3. Correlations of '*Xe and '*!Xe from (n,7) reactions
on Te with '¥Xe from BB decay of '**Te. Symbols have same
meaning as in Fig. 2. Error bars are smaller than the symbols.
The correlations for various extractions from a given sample in-
dicate that the '2°Xe and '*'Xe excesses, like those of *°Xe, are
derived from Te; the variable correlation slopes for the different
samples reflect different neutron exposure conditions. See text
for discussion.

neutrons captured by the various ores. Using the neutron
capture cross sections for both types of reaction [23,24]
in conjunction with the excess >*Xe/!*'Xe ratio permits
a determination of the integrated neutron exposure for
each sample as well as the thermal and resonance neutron
fractions. The excess ®Xe/"*'Xe ratio sets only an
upper limit on the thermal neutron fraction and a lower
limit on the ratio of integrated neutron cross sections, be-
cause the '?°I generated by neutron capture on '**Te in
the last mean lifetime of %I (23X 10% yr) will not have
yet decayed to 'Xe. The results of these calculations
are displayed in Table III. The fluences vary by an order
of magnitude among samples, an important conclusion
that we will return to in our discussion of the observed
128X e excesses.

We cannot unambiguously determine the source of the
neutrons, but it is clear that for all ores except the Crip-
ple Creek krennerite, they cannot have come largely from
(a, n) reactions or 238(J fission in the ores themselves since
the abundance of 28U (Table IV) falls at least a factor of
several (American Mine and Cripple Creek calaverite
samples) to 2 orders of magnitude short (Good Hope
Mine sample) of accounting for them. The mean free
path for neutron capture in rock is of the order 1-2 m,
however, so the neutrons could originate in rocks sur-
rounding the ores if their U concentrations were at least a
few tens to a few hundreds of ppb. This is entirely
reasonable for average terrestrial crustal rocks whose U
concentrations are typically 1-2 orders of magnitude
greater than these values. However, it requires the Te
ores to have captured up to 10% or so of the available
neutrons, which may or may not be reasonable depending
upon the concentration of Te ore in the host rock and
how strongly the host rock competes for neutrons. A
possible additional source of neutrons is high energy re-
actions of cosmic ray muons with subterranean target nu-
clides (Sec. IIICS). In the case of the Cripple Creek
krennerite, the number of neutrons produced in the ore is
twice the number of atoms of '??Xe and !*'Xe resulting
from neutron capture, so that 238U decay in the ore itself
could account for at least a minor portion of these iso-
topes. We note that, in all cases, the neutron fluences are
far too low to produce significant fission Xe from *°U:
for the fluences in Table III, Xe from 2*U neutron-
induced fission will be at least 5 orders of magnitude less
abundant than that from spontaneous fission of 2**U.

C. '28Xe excesses

Subtraction of the trapped Xe contribution to '*Xe re-
veals significant excesses of this isotope for all of the Te
ores except the young samples from Cripple Creek, which
have large errors because of the relatively low ratio of
Te-derived Xe to trapped Xe. There are excesses in the
total isotopic compositions (displayed in Table II) as well
as in individual stepwise heating analyses; note that the
excesses of '2!Xe are strictly correlated with excesses of
130xe due to BB decay of '¥Te. An example of this corre-
lation is shown in Fig. 4, a plot of all of the Table I data
for the native Te ores. The fact that 2*Xe/!**Xe ratios in
the data are often appreciably in excess of the atmospher-
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TABLE III. Neutron capture production of Xe isotopes in Te ores. Isotopic ratios and abundances
resulting from n-capture reactions on 2*Te and !*°Te, calculated from Table II data.

Total Thermal
129¥e,. Bixe,. neutron fluence® neutron
Sample (1072 cm® STP/g)?* (**Xe/"¥'Xe),.® (10" n/cm?)  fraction? o5/030%¢
American Mine 0.431 0.229 1.876 1.66 <0.66 >2.00
native Te +0.021
Good Hope Mine 3.44 2.74 1.253 20.5 <0.83 >1.34
native Te +0.006
Vulcan Mine 3.74 3.22 1.162 24.1 <0.86 >1.24
native Te +0.005
Mattagami 0.618 0.250 2.463 1.76 <0.49 >2.63
altaite +0.120
Kalgoorlie 1.54 0.563 2.734 3.92 <041 >2.91
krennerite +0.040
Cripple Creek 0.431 0.454 0.947 343 <0.91 >1.01
krennerite +0.029
Cripple Creek 0.731 1.27 0.578 9.71 <1.0 >0.62
calaverite +0.036

2Concentrations are per gram of Te.

®Predicted Xe production ratios are 0.62 for thermal capture [24] and 4.0 for epithermal resonance cap-
ture [23].

°Assuming thermal neutron cross sections of 0.145 b and 0.22 b [24] and resonance capture cross sec-
tions of 1.098 b and 0.258 b [23] for '2*Te and !*°Te, respectively.

4Values stated as limits because '*’I produced by neutron exposure of '**Te in its last mean lifetime
(23X 10° yr) has not yet decayed to '*Xe.

“Ratio of total n-capture cross sections.

TABLE IV. Xe component and trace element concentrations in Te ores. Absolute concentrations of
trapped and fissiogenic Xe are based on total sample weight; concentrations for radiogenic '**Xe and
nucleogenic *!Xe are based on Te mass only. Uncertainty in concentrations is <5%.

Initial® Fissiogenic® Radiogenic® Nucleogenic?
trapped 3?Xe 136xe B3o0xe Blxe [U)F [Pb]°

Sample (10712 cm3STP/g) (ppb) (ppm)
American Mine 1.04 0.0082 21.20 0.229 0.9 0.55
native Te +0.0009
Good Hope Mine 0.960 0.0018 23.37 2.74 3.0 2.7
native Te +0.0009
Vulcan Mine 0.525 0.0049 23.77 3.22 0.8 0.8
native Te +0.0007
Mattagami 1.80 0.0038 42.62 0.250 (61%)f
altaite +0.0012
Kalgoorlie 1.31 <0.0011 93.73 0.563
krennerite
Cripple Creek 1.85 0.0254 1.227 0.454 2200
krennerite +0.0015
Cripple Creek 2.50 0.0108 1.265 1.27
calaverite +0.0052

*Trapped atmospheric Xe. For relative concentration of other atmospheric Xe isotopes, cf. footnote d,
Table I.

®Xe from spontaneous fission of 23¥U. For relative concentrations of other fissiogenic Xe isotopes, cf.
footnote e, Table I. Stated error limits (10) are those resulting from uncertainties in isotopic ratios used
in the fission Xe-trapped Xe decomposition. Concentrations have an additional 5% uncertainty from
variations in absolute instrumental sensitivity (caption).

°From B8 decay of '*°Te. Relative concentration of '?Xe from 88 decay of **Te is listed in Table V.
4From *°Te(n,y). For '¥Xe from '**Te(n,y) see Table III.

¢ Determined by solid source mass spectrometry, using isotope dilution techniques.

Pb concentration from energy dispersive x-ray analysis.
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FIG. 4. Correlation of '2Xe with *°Xe for Colorado native
Te vacuum crushing and stepwise heating data, representing
primarily a mixture of atmospheric Xe and BB-decay Xe. The
data (from Table I) show clear excesses of '2*Xe that correlate
with 3°Xe from BB decay of '*°Te. The correlation line is a
least-squares fitting to the data. Data from previous work are
also shown, but have not been included in the fitting. See text
for discussion.

ic value and are correlated with excess '°Xe assures us
that radiogenic contributions to '2*Xe are definitely ob-
served. Least-squares fitting of these data is consistent
with a linear relationship (reduced y*>=0.977, with the
number of degrees of freedom of 22) between 2¥Xe/132Xe
and *°Xe/!3?Xe, indicative of simple two-component
mixing among these three Xe isotopes. One of the com-
ponents is trapped atmospheric Xe, since the mixing line
passes through this composition within analytical uncer-
tainty. The other component, presumably derived from
nuclear transmutations of Te, lies along the correlation
line at essentially an infinite distance from the atmospher-
ic Xe datum on this diagram, since the atmospheric com-
ponent contributes virtually all of 132Xe (except for a very
small fissiogenic contribution). The slope of the mixing
line is essentially equivalent to the mean of the Te-
derived Xe/"%Xe ratios for native Te displayed in
Table II.

In Fig. 4 we also compare the results of the present ex-
periment with those obtained for altaite and krennerite
by Lee, Manuel, and Thorpe [8] and for the Good Hope
native Te by Kirsten, Richter, and Jessberger [9]. The
two data points from Lee, Manuel, and Thorpe [8]
represent the most radiogenic compositions from their
stepwise heating data, and these are seen to be entirely
consistent with our Te-derived 28Xe/13%Xe ratio, since
they lie on the correlation line defined by our data. Com-
parison of our results for the Good Hope Mine native Te
with that of the most radiogenic composition measured
in 1983 by Kirsten, Richter, and Jessberger [9] (at 480°C,
with 1¥0Xe/132Xe=4.2) shows that their sample is highly
enriched in the atmospheric Xe component compared to
our sample. Our most radiogenic Good Hope fraction
(400°C; cf. Table I) has a substantially higher *°Xe/!¥?Xe
ratio of 62, and all but our first two extraction steps have
130Xe/132Xe ratios greater than that of the Kirsten-
Richter-Jessberger [9] 480 °C datum.

Because of the consistency of our altaite and krennerite
results with those of Lee, Manuel and Thorpe [8] and be-
cause all of the Good Hope samples should be intrinsical-
ly equivalent we cannot easily ascribe the differences be-
tween our Good Hope results and those of the Heidelberg
group to errors in the noble-gas mass spectrometry, to
the data analysis procedure, or to variability of the sam-
ples themselves. Indeed, there is no difference between
the total radiogenic !*°Xe concentration of our Good
Hope sample (Table IV) and that in the 1968 analysis of
Good Hope native Te by Kirsten et al. [14]. We thus
consider it likely that their sample processing, which evi-
dently consisted of grinding the sample into fine particles
[14], introduced significant quantities of atmospheric Xe
into their sample. Our analysis of the 1983 Kirsten-
Richter-Jessberger [9] results indicates that their extrac-
tion at 480 °C in itself had 4-5 times as much atmospher-
ic 132Xe as that in the fotal Xe extracted from our Good
Hope Mine sample (Table IV). Because the abundance of
128Xe in air is roughly half that of the '**Xe abundance
and the production of '2¥Xe in BB decay is at least several
orders of magnitude less than that of *°Xe, atmospheric
contamination has a much more important effect at '2¥Xe
than at '3®Xe. This is not a complete explanation of the
apparent discrepancy, however, because the radiogenic
128X e/130Xe ratios obtained by us are well outside the
Kirsten-Richter-Jessberger [9] stated error limits. But it
is clear that the large atmospheric component makes
resolution of the radiogenic '*®Xe sensitively dependent
on the details of the Xe component resolution algorithm.

The mean Te-derived 2®Xe/!*%Xe ratio for the present
set of analyses (Table V), exclusive of the Cripple Creek
samples, is (3.7710.08)X 10™*4, which could be taken as
the production ratio in BB decay of '**Te and !*°Te, pro-
vided that no other nuclear reactions contribute to '**Xe.
This point requires explicit attention, because any Xe
component in the Te ore which is released in constant
proportion to the excess *°Xe component will result in
an isotopic correlation such as is observed in Fig. 4. Con-
tributions to the large amounts of excess !3°Xe other than
from BB decay are demonstrably negligible, so the Te-
derived '2!Xe/!3Xe ratio of (3.77+0.08) X 10 ™* s a strict
upper limit to the BB-decay production ratio. However,
in order to arrive at a definitive production ratio, addi-
tional possible nucleogenic contributions to the substan-
tially smaller excess of *Xe need to be considered. In
the following sections we examine these other possible
sources of excess 2!Xe.

1. 71 (n,yB™ )'%Xe reactions

The most prolific nuclear process which is likely to
produce excess '*Xe is (n,yB”) reactions on '*’I. By
means of reactor irradiation of a gold telluride in which
excess '2®Xe had been previously observed, Hennecke,
Manuel, and Sabu [6] demonstrated that (n,y8~) reac-
tions could not account for the excess 2#Xe. From their
data we calculate an iodine concentration of several hun-
dred ppb for their sample. Using the neutron fluences
given in Table III and a similar iodine concentration, and
taking into account both thermal and resonance capture
cross sections, we calculate that neutron capture on
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iodine could account for at most only a few percent of the
observed excesses of '28Xe in our samples.

A more direct evaluation can be made by comparing
how the abundance of excess 2Xe varies with neutron
fluence. If the excess '2Xe comes predominantly from
neutron capture, we would expect the abundance of ex-
cess 28Xe to scale with increasing neutron exposure. We
can compare the integrated neutron fluence for individual
samples (Table III) with the excess '2¥Xe/!3Xe ratios re-
sulting from correction of the data for all other relevant
reactions (Table V). The (1o0) dispersion of the corrected
ratios is only about 7% of the mean value, despite the
fact that the neutron fluences vary among samples by
over an order of magnitude. Excepting the very unlikely
coincidence that iodine content varies inversely with neu-
tron fluence, we conclude that the observed excess ¥Xe
cannot result from neutron capture on '?’I, although we
cannot exclude the possibility of very small (~1%) con-
tributions from this source.

2. a-particle reactions

There are two a-particle reaction channels that can re-
sult in the production of '*Xe, namely, '*Te(a,y)'**Xe
and '»Te(a,n)'?!Xe. The requisite a’s must come from
U and Th decay within the Te ores themselves, since the
mean free paths of these particles are far too short ( <50
um for 6-9 MeV a particles) for external sources to con-
tribute. The average U concentrations (and presumably
Th concentrations, assuming the typical terrestrial Th/U
of 3—4) in our samples are quite low (<3 ppb for the na-
tive Te samples, Table IV), and a-particles from these ele-
ments are unlikely to be sufficient in producing the excess
128Xe. One can make a quantitative evaluation of this
possibility: Haxton [25] estimated the range and energy
profiles of the a particles as they move through Te, and

using an optical-model estimate of the cross sections, cal-
culated production rates from Te. His results, combined
with our measured U concentrations, indicate that a re-
actions would fall at least 5 orders of magnitude short of
accounting for the observed excess '2®Xe in our samples.

3. Solar neutrino reactions

The interaction of electron neutrinos with matter is ex-
tremely weak, but the Sun emits prodigious quantities of
these particles (10%*/sec from ®B decay) and the interac-
tion of energetic solar neutrinos with Te is a possible
source of Xe. The reaction relevant to the current discus-
sion is the transmutation of ?®Te to !®Xe. Bozoki and
Lande [26] have calculated the yield for this process in
terms of a simulated lifetime for 28Te, which turns out to
be an effective half-life of 4 X 10*° yr. This is 4 orders of
magnitude longer than the '2*Te half-life that would be
inferred from the present results and seemingly rules out
neutrino reactions as a source of 2¥Xe.

We have made an independent calculation for the na-
tive Te samples based upon their age (about 1.6 X 10° yr;
Sec. IIID), and the %B neutrino flux (5.8X10°
cm ™ 2sec”!) and cross section (2.1X 107% cm?) given by
Haxton [27]. We find that neutrino interactions could ac-
count for <0.2% of the ~2.5X 10° atom/g excess '2*Xe
in these samples, and thus seem to merit no further con-
sideration.

4. Cosmic ray spallation reactions

Cosmic ray spallation from isotopes of Ba and the
rare-earth elements must also be evaluated as a potential
source of Xe. Although the flux of most cosmic rays is
rapidly attenuated at the Earth’s surface, there is at least
the possibility that the more penetrating muons may in-
duce spallation reactions resulting in the production of

TABLE V. Relative Te SB-decay Xe production and half-lives. Ratio of BB-decay Xe production of
128Xe and '3°Xe and half-lives for '*°Te and '2*Te, in units of 10™*. Stated uncertainties are 10

Te-derived® Muon corrected® Uncorrected® Muon corrected®

128X e/130Xe 128%e/130Xe T,,(130)/T,,,(128) T,,,(130)/T,,,(128)
Sample (1074 (1079 (1074 (1079
American Mine 4.13 3.37 4.40 3.59
native Te +0.19 +0.23 +0.20 +0.24
Good Hope Mine 3.78 3.20 4.03 3.41
native Te +0.22 +0.27 +0.23 +0.29
Vulcan Mine 3.75 3.22 4.00 3.44
native Te +0.13 +0.17 +0.14 +0.18
Mattagami 4.67 4.41 4.98 4.70
altaite +0.44 +0.54 +0.47 +0.58
Kalgoorlie 3.38 3.27 3.61 3.48
krennerite +0.17 +0.22 +0.18 +0.23
Mean value® 3.77 3.30 4.02 3.52
+0.08 +0.10 +0.09 +0.11

®Ratio based on Table II Te-derived '®Xe and !**Xe, not corrected for cosmic ray muon production of

IZSXe

YRatio corrected for cosmic ray muon contributions to 28Xe, assuming equal cross sections per nucleon
y p

for '°Te and '**Te and using the muon-derived 2°Xe excesses given in Table II.

“Stated uncertainties are 1o in mean of all samples listed.
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the lighter Xe isotopes [27]. Spallation from Te itself
cannot produce Xe, so the targets would have to be
minor or trace elements in the Te ores. At least in the
case of the native Te samples, the trace element concen-
trations that have been determined appear to be quite low
[28], although we have not measured any of the directly
relevant target abundances. Arguing from the opposite
direction, we conclude that spallation reactions cannot be
significant contributors to 128% e in our samples (< 1%),
because spallation yields of 124xe, 126Xe, and 28Xe are
roughly comparable, whereas the observed excesses of
126X e and especially '>*Xe (as noted above in Sec. III A)
in our samples are much smaller than those of 2!Xe.

5. Muon and (p,n) reactions, excess '*Xe and '*%Xe

Another source of '2®Xe that we must consider is (p,n)
reactions on !28Te. Although the flux of cosmic ray pro-
tons is sufficiently high (of order 1073 cm~2sec™!) at the
Earth’s surface to conceivably generate non-negligible
levels of '2Xe by !Te(p,n) reactions, the proton flux
rapidly diminishes in rock (with an absorption e-folding
depth of about J m). Near-surface proton interactions
cannot account for the bulk of the '2®Xe excesses in the
Te ores studied, however, because the Kalgoorlie kren-
nerite was taken from a well-documented depth of about
300 m [29], and its excess '!Xe/!3Xe is comparable to
(although slightly less than) that of the other samples
(Table V). We can also exclude the two-step reaction
(a,p) followed by (p,n) because of energetics considera-
tions [27] as well as the lack of sufficient sources of a par-
ticles in our samples (Sec. III C 2).

Unlike other cosmic ray components, a significant flux
of muons survives at depth, and there is reason to believe
that muon reactions may have influenced the excess Xe
composition of at least some of our samples. This sugges-
tion is based on our observation of 2Xe excesses of 10*
atoms/g (4—5 % of the size of the '>®Xe excesses) in all of
the native Te ores (Table II and Fig. 5). No excesses were
observed for the comparably low abundance isotope

124
0O — "Xe
126
o — "Xe
American Mine Te —— ——
Good Hope Mine Te +——— —
Vulcan Mine Te — ——
Mattagami Altaite —
Kalgoorlie Krennerite ——{—e&—
-30 20 -10 0 10 20 30
. 124,126 130 _6
Te-derived Xe/ ~ Xe (1077)

FIG. 5. Total excesses of '**Xe and '?*Xe relative to trapped
atmospheric Xe in Te ores, normalized to *°Xe from 83 decay
of Te. No excesses of '*Xe are evident in any sample, but
small excesses of '2Xe are present in the native Te samples. See
text for discussion.

124Xe, however. In the deep Kalgoorlie krennerite sam-
ple there is again no >*Xe excess, but the '26Xe excess is
substantially smaller than in the native Te. The com-
paratively large uncertainties in the excess '**Xe and
126X e abundances for the altaite sample preclude compar-
ison with the native Te or Kalgoorlie krennerite. Similar
to the case for 2®Xe, the excesses of '2°Xe in the native
Te ores correlate with excess *°Xe from BB decay of
130Te, as shown in Fig. 6. However, the 12*Xe/!3?Xe ratio
remains at the air Xe value in all extraction steps. These
observations rule out the possibility that the excess '2°Xe
is an experimental artifact due, for example, to improper
correction for instrumental mass discrimination or to
some isobaric interference at mass 126 unrelated to Te.
We therefore conclude that the excess 26Xe is derived
from Te and is the product of some nuclear transmuta-
tion.

The absence of '?*Xe excesses coupled with the pres-
ence of '2*Xe excesses suggests the role of iodine isobar
production channels, since production of **Xe is blocked
by positron decay of '2!I, but production of '26Xe can
occur via decay of 1261, We can exclude neutron, a-
capture, and cosmic ray spallation reactions as sources of
the ?°Xe excesses by the same lines of reasoning that led
us to conclude that these processes could not account for
the excess !8Xe. Haxton [27] has suggested that
charged-current solar neutrino reactions with '2°Te can
produce excess '2Xe. However, we calculate that such
interactions would produce far too little '**Xe (by a fac-
tor of about 80) to account for the observed excesses of
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FIG. 6. Correlations of '*Xe and '2*Xe with '**Xe in vacuum
crushing and stepwise heating of Colorado native Te ores. Dot-
ted lines represent the atmospheric Xe isotopic ratios and solid
lines are least-squares fittings to the data. For '**Xe there are
no excesses relative to atmospheric Xe composition, but the
126X e excesses are correlated with 1**Xe from 8 decay of '*Te.
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this nuclide in our native Te samples. Two remaining po-
tential mechanisms are direct reactions of energetic
muons with 2°Te in the native Te itself, and secondary
(p,n) reactions from energetic protons produced by
muons both in the Te and in surrounding rocks. Both of
these mechanisms can produce '26Xe unaccompanied by
124500

For the direct reaction we consider
pt+12Te—pu®+ 121+ 7~ which is then followed (46%
of the time) by the reaction *I—e ™+ %+ 26Xe. The to-
tal cross section for the direct reaction has been estimat-
ed by Bezrukov and Bugaev [30] by assuming the vector

dominance model as o =~1.5X10~% cm?/nucleon and is
consistent with that deduced from cosmic ray experi-
ments performed in mines as reviewed by Fowler and
Wolfendale [31]. The interactions of muons with '2Te
will also produce positive pions (as often as they produce
negative pions), and in that case the nucleus will be
transformed into '*Sb which will decay back to !*6Te.
When the muon interacts with 26Te, many nucleons may
evaporate away, but among neutron-producing events the
O-neutron escape that leads to 1261 production will likely
have the largest cross section, which we estimate as 0.1 of
the total cross section. For a surface muon fluence of
about 0.03 cm ?sec” ! we then arrive at a rough estimate
of the direct reaction surface production rate of 7X10*
atom '2°Xe/g of Te per 10° yr, which is more than ade-
quate to account for the 10* atom !*6Xe/g observed
excesses in the native Te. At more realistic sample
recovery depths (for Colorado tellurides) of, say, 10—100
m, the muon flux falls by factors of 8—340, respectively,
and exposure times on the order of 1.3X10° to 54 X 10°
yr are required. These exposure times, particularly at the
lower end, are geologically reasonable. Here we have ig-
nored any increase in muon reaction cross section due to
the increase hardness of the muon spectrum with depth.
As these calculations show, near-surface exposure will
dominate the muon production of *Xe in the Te ore’s
lifetime because of the rapid decrease of the muon flux
with depth.

In estimating the effectiveness of the secondary
126Te(p,n) %I process, we note that the evaporation
prongs from muon reactions will have typical kinetic en-
ergies of 100 MeV with ranges of 30 g/cm? in rock. On
the other hand, the mean free path for nuclear reactions
in rock is about 120 g/cmz, which means that the interac-
tion probability is about 25%. We assume a near-unit
probability that in any muon reaction at least one proton
will be produced and estimate that one-quarter of the po-
tential interactions involving these protons will be (p,n).
These rough estimates lead to an energetic proton cross
section for production of '?°I via the (p,n) that is 6% of
the total muon cross section, compared to the 10% es-
timated for the O-neutron direct muon reaction. Thus,
we guess that such (p,n) reactions will contribute nearly
equally in production of 26Xe, which would cut the expo-
sure time estimates given above by somewhat less than
half. We will later consider (Sec. IV E) the implications
of these calculations for an experiment proposed by Hax-
ton [27] for monitoring the long-term solar neutrino flux
using ?Xe from Te ores.

What are the implications for '2Xe production by
these muon-related reactions? A naive guess for the pro-
duction of '!Xe relative to *Xe is given by assuming
equal interaction cross sections per nucleon for '*®Te and
126Te. In particular, the production ratio for muon-
induced reactions may be estimated as

(128Xe /12X e) puon =~ (128Te /1%6Te)(B!8 /B!%6)(128 /126) ,
@)

where B is the branching ratio for B-decay from iodine
(B'?2/B'26=2.04). The right-hand side of Eq. (4) is 3.47,
and the 28Xe/!3%Xe ratio, corrected for interaction of
cosmic ray muons and their secondaries with Te, is thus

(128X /120X e)core = (128X /120K ) eycess
—3.47( l26)(6/130)(6)excess ’ 5)

where we have ignored comparable corrections to the
130X e because of the far greater abundance of this iso-
tope.

In Table V, we illustrate the effect of this correction on
the excess '%*Xe/!*°Xe ratios. The greatest reduction in
the 28Xe/!3%Xe ratio is to the native Te samples (~ 15%)
and the least to the Kalgoorlie krennerite (~3%). Al-
though it is difficult to make a decisive evaluation of the
accuracy of this calculation, we can at least perform some
checks on the general consistency of the results. A key
sample in this regard is the Kalgoorlie krennerite, which
evidently had substantial shielding (=300 m) for its en-
tire history and consequently was exposed to only a
greatly reduced flux of cosmic ray muons (<2X10™* of
the surface flux). This conjecture is supported by the ob-
servation of only a small or nil excess 126Xe/139Xe ratio
(Table II) for this ore. Assuming that 2®Xe from muon-
induced reactions is negligible for the Kalgoorlie kren-
nerite and its excess 2®Xe results essentially only from B8
decay, the uncorrected excess '2*Xe/!3Xe ratio should be
close to the true PBB-decay production ratio. If the
muon-related corrections are valid, the corrected excess
128X /139X e ratios for the other samples should be identi-
cal to the uncorrected ratio for the Kalgoorlie krennerite
[(3.38+0.17) X 10_4], as is, in fact, observed: the un-
corrected Kalgoorlie ratio is in relatively poor agreement
with the mean uncorrected ratio for the native Te sam-
ples [(3.85+0.10)X 10 *], but in good agreement with
the mean ratio for the native Te samples corrected for
muon-induced reactions [(3.2610.12) X 10™%].

Figure 7 is a three-isotope correlation diagram similar
to Fig. 4 (see discussion in Sec. III C) in which we show
the results of correcting the '2®Xe data of individual Xe
extraction steps of all samples (except Cripple Creek) for
cosmic ray muon interactions, based on the amount of ex-
cess '*6Xe released in each step. In this three-isotope
correlation diagram, '3*Xe has also been corrected for
small fission Xe contributions according to the pro-
cedures detailed in Sec. III A. The entire data set forms a
self-consistent linear array (reduced y?>=1.04, with the
number of degrees of freedom of 44) representing a mix-
ture of trapped atmospheric Xe and Xe derived from B
decay of Te. The slope of this line is identical to the
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FIG. 7. Correlation of #Xe with '3®Xe from BB decay in
vacuum crushing and stepwise heating data from old Te ores.
The '2!Xe data have been corrected for muon-induced '2Xe
production, and the '*2Xe data have been corrected for minor
amounts of fission Xe. The slope of the correlation line thus
gives the ratio of 2Xe to '3°Xe production in B8 decay of Te.
See text for discussion.

mean of the muon-corrected ratios in Table V, both giv-
ing ("*Xe/"%Xe)g3=(3.30+0.10)X 10~ . We take this
value as the most precise and accurate determination of
the relative Xe production from B decay.

Because of the extremely long decay lifetimes for Te B8
decay, the abundances of the Xe daughters depend linear-
ly on the sample age, and thus the ratio of half-lives is in-
dependent of sample age and is related to the 2*Xe/!3°Xe
ratio by

TP/% /T}2/82=I'\128/Fl30
= (128X /139X e) g 130Te /128 Te) . (6)

Using the best estimate of the 2*Xe/!*Xe ratio for Te 8B
decay given above and with 3°Te/!?!Te=1.0666, we ar-
rive at our final result (Table V) for the ratio of Te BB-
decay half-lives, T'133 /T}% =(3.52+0.11) X 1074,

D. Geochronology and absolute SB-decay rates

The ratio of decay rates I''?®/I'!30 is established essen-
tially by Xe isotopic measurements alone. On the other
hand, the absolute decay rate I''*° is found from

[130=(130xe* /130T¢e) /¢ | (7

where t is the age of the ore, specifically the length of
time the ore has retained !3°Xe generated in situ (hereaf-
ter denoted *°Xe*). Because radiogenic additions to
130Xe from BB decay are far more prominent than those
to 128Xe and thus subject to less analytical uncertainty,
and because I''?%/T"1%0 is determined precisely by mass
spectrometry from 'Xe/!*Xe [Eq. (6)], I''?® may be
determined to an accuracy comparable to that for
I'*from the relation I''28=1130 (128 /1 130),

The numerator in Eq. (7) involves measurement of ab-
solute element concentrations and is subject to different
uncertainties than an isotopic ratio. Measurement of Te
concentration can be made by a variety of techniques

that, in principle, have analytical error limits small
enough to be inconsequential in the present context. In
this and in several prior studies, the 8B-decay contribu-
tion to the total measured !*°Xe is so dominant that the
uncertainty in the concentration of '**Xe* is essentially
the uncertainty in instrumental sensitivity. This is typi-
cally reported, perhaps overoptimistically, as around
10% or better, so that the measurement of *°Xe* /!30Te
can be conservatively expected to be better than about
20%.

In contrast, calculated decay lifetimes based on a num-
ber of Te ores of various ages and geological environ-
ments span more than an order of magnitude, and even
current “best estimates” for the half-life of *°Te (Sec.
IV A) span a factor of 3. The difficulty arises not in the
determination of !3°Xe* /!3Te but in assessing the Xe re-
tention age of the ores. We discuss elsewhere [28] the de-
tails of the half-life problem and the relevance of the
present data to this problem; a brief summary is given
here.

One approach to the problem is to base *°Te half-life
estimates only on ores for which there are noble-gas re-
tention ages (K-Ar, U-Xe) for the ores themselves. Few
such ages are available. Kirsten [32] stresses the Good
Hope (K-Ar age=1.31 Ga [14]) and Boliden (U-Xe
age=1.56 Ga [21]) ore ages (1 Ga=10° yr), arriving at a
best-estimate half-life of (2.55+0.25)X 10?! yr. A second
approach is based on the principle that the age of Xe re-
tention in an ore cannot be greater than the age of
mineralization or the age of the host rock. Such an upper
limit age provides an upper limit to the decay lifetime,
and the lowest such upper bound is thus an upper limit to
the true half-life. By this argument Manuel [33] con-
cludes that the half-life of '*°Te is no more than 0.8 X 102!
yr. We note that even this lower recommended half-life
is about an order of magnitude greater than theoretical
expectations (see Sec. IV). We consider that, while both
of these approaches are logically sound in principle, both
are flawed in terms of practical application to the present
problem.

The problem with basing half-life estimates only on
ages measured for the ores themselves, by the usual ra-
diogenic daughter accumulation methods, is that the ra-
dioactive parent elements on which such methods are
based (e.g., K, U, Rb, Sm) are generally of very low abun-
dance in Te ores. Besides potential complications in
measuring very low elemental abundances by convention-
al analytical techniques, this circumstance increases the
likelihood that the inventory of the parent element is
dominated by trace or accessory mineral phases other
than the Te-bearing mineral itself, aggravating problems
which can arise in sample heterogeniety and possibly
yielding ages which, even if valid for the accessory
minerals, are not necessarily applicable to the Te-bearing
minerals themselves [34]. The correspondingly low abun-
dance of daughter elements also increases the likelihood
that the inventory of the daughter will be substantially
affected by inheritance from precursor material or con-
tamination from country rock in which the parent and
daughter are more abundant. This is a well-known effect
for Ar and He in young igneous rocks [35], and is a plau-
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sibly significant effect for the Good Hope samples [34];
similarly, we have already concluded (Sec. III A) that this
effect arises for the fission Xe in some of the samples
studied here, in that the fission Xe concentrations are too
large to be supported by the measured U concentrations
(Table IV) for any plausible ore age.

Inheritance of daughter element from precursor ma-
terial also provides a potential loophole for the second ar-
gument described above. Specifically, it is possible that
some radiogenic *°Xe may get incorporated into Te ores
at the time of mineralization. If so, the measured *°Xe
will be higher than that actually produced by in situ B
decay, leading to an erroneously high *°Te decay rate
and a half-life that is too short. It should be noted, how-
ever, that rather special circumstances are required for
this effect to be significant. Inherited radiogenic Ar, He,
and fission Xe can be acquired by ore-depositing hydro-
thermal fluids from essentially any kind of country rock,
and can be prominent in minerals deposited with
sufficiently low K and U, but this is not the case for in-
herited radiogenic '*°Xe. Such excesses could only be de-
rived from materials with a previous concentration of Te,
i.e., a prior generation of Te ores. We consider it plausi-
ble that this phenomenon is relevant to some of the Te
ores in the present and previous studies.

Accepting at least for the sake of argument the possi-
bility of inherited radiogenic !*°Xe, the methods previ-
ously employed in assessing Te ore ages and the half-life
of 1*Te are suggestive but not constraining, and we must
seek other criteria. Besides the Xe data we thus also con-
sider the “common Pb ages” determined from isotopic
analysis of Pb in our ores (Table VI). A common Pb age
is not a radiogenic daughter accumulation age analogous
to, e.g., K-Ar or U-Xe ages. It results, rather, from a
model [36] for the temporal evolution of average terres-
trial Pb isotopic composition from primitive to modern
values, and it is applicable to samples of Pb whose isoto-
pic evolution is arrested by being sequestered in materials
of very low U/Pb ratio, such as the Te ores studied here
(Table IV). It is difficult to assign errors to common Pb
ages, since variations arise in geological behavior rather
than analytical uncertainty; qualitatively, we expect that
for samples derived from the Earth’s mantle, the com-
mon Pb age would be within 0.1 Ga of the true age.

It is relevant that the Vulcan, Good Hope, and Matta-
gami ores are from so-called ‘volcanogenic massive
sulfide deposits™ [13,37]. These deposits are believed to
have formed from hydrothermal circulation associated
with oceanic spreading-center volcanism. This feature is
particularly important in the present context because in
such deposits both the Te and Pb are expected to be ju-
venile materials extracted from the Earth’s mantle
(without the potential complication of passage through
the continental crust)—the situation for which common
Pb model ages are most applicable and for which inheri-
tance of radiogenic '**Xe from any preexisting Te con-
centration is unlikely.

The Vulcan and Good Hope ores have very similar
130Xe*/Te ratios (Table IV), which are also quite similar
to those from previous analyses [9,14,38] of Good Hope
native Te [the total range in !Xe*/Te s

(2.1-2.8)X 107" cm® STP/g]. They also have essentially
indistinguishable common Pb ages (Table VI), and it is
thus difficult to avoid the conclusion that these ores have
essentially the same age, specifically the same Xe reten-
tion age. Discounting the reported K-Ar age [14] for the
reasons outlined above, the best available estimate for the
age of the native Te ores is the common Pb age of 1.6 Ga.
This is much greater than the Tertiary (i.e., <60X 10° yr)
age commonly associated with telluride mineralization in
Colorado (e.g., the Cripple Creek samples, cf. Table VI),
but these mines are not associated with Tertiary volcan-
ism [13] and the common Pb age is consistent with that
of the host rocks (1.76 Ga) for these deposits [39].

Our result for 13°Xe*/Te in Mattagami altaite is con-
sistent with prior data [8,38,40], and our common Pb age
(2.67 Ga) is consistent with the age (2.72 Ga) of the host
Abitibi greenstone belt [41]. The corresponding inferred
half-life of '3°Te for Mattagami is also in agreement with
that determined for the Vulcan and Good Hope native Te
ores (Table VI).

The Colorado Cripple Creek deposit is also associated
with volcanic activity, but with young (Tertiary) volcan-
ics erupting through older (Precambrian) continental
crust [20]. For its age, this deposit has relatively high
130X e* /Te that may result from inheritance of 1**Xe from
older Te ores. Such a scenario is plausible, since a much
older generation of Te ores is demonstrably present in the
same geographical region, as evidenced by the 1.6 Ga
common Pb ages of our Colorado native Te samples.

TABLE VI. Sample ages and Te BB-decay half-lives.
Common Pb T,,(130) T,,,(128)

Sample age (10° yr)* (10?! yr) (10%* yr)

Native Te

(American Mine, CO) 1.66 3.24 9.22

Native Te

(Good Hope Mine, CO) 1.60 2.82 7.99

Native Te

(Vulcan Mine, CO) 1.61 2.79 7.92

Altaite: PbTe,

(Mattagami Lake, Quebec) 2.67 2.58 7.32

Krennerite: (Au,Ag)Te,

(Kalgoorlie, Australia) 0.75 0.33 0.94

Krennerite: (Au,Ag)Te,

(Cripple Creek, CO) (0.028)¢ 0.94

Calaverite: AuTe,

(Cripple Creek, CO) (0.028)4 0.91

Mean value 2.73% 7.74°
+0.13 +0.37

*Computed using the two-stage Stacey-Kramers [36] common
Pb evolution model.

*Based on data for Good Hope and Vulcan native Te and Mat-
tagami altaite. Stated uncertainty is for 1o dispersion about the
mean.

°Computed from T’ ,,(130) for Good Hope and Vulcan native
Te and Mattagami altaite using mean half-life ratio given in
Table V (column 4). See text for discussion.

dStated age is geological age [20]. Common Pb in these samples
is modern, but the method cannot resolve such small ages.
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The American Mine and Kalgoorlie deposits are not
directly associated with igneous activity but rather with
tectonic shearing of crustal igneous intrusions [42].
Mineralization at the American Mine deposit evidently
occurred shortly after formation of its host rock, as evi-
denced by comparison of its 1.66 Ga common Pb age
with the age [43] of the host rock (1.67-1.71 Ga). Both
the age and '’°Xe*/Te of the American Mine native Te
are similar to those of the Good Hope and Vulcan Te
(Tables IV and VI). On the somewhat finer scale, howev-
er, we note that the Good Hope and Vulcan ores have
identical *°Xe concentrations but the American Mine
ore has a slightly (10%) lower 130Xe concentration, re-
quiring either that this ore lost 10% of its Xe or that it
formed roughly 160X 10° yr later than the other two.
Since geological ore deposition environments change ap-
preciably on this time scale, we think that Xe loss is the
more likely possibility.

The gold mineralization age at Kalgoorlie is 2.4 Ga
[44], as cited in other Te-Xe studies [6]. While the dated
ores are tectonically deformed, however, the Te-rich ores
are not [45], and are thus younger than 2.4 Ga. Our data
independently suggest that the isotopic evolution of Pb
was arrested by Te ore formation at a substantially more
recent time (Table VI). For its age, the *°Xe*/Te in the
Kalgoorlie krennerite is relatively high (Tables IV and
VI) and, in general, the 3*Xe*/Te ratios in Kalgoorlie
tellurides [6,22] are also quite variable [(4—14)X10~!!
cm® STP/g], spanning a range that is well beyond analyti-
cal uncertainties. We consider that these observations
point to variable degrees of inheritance of '**Xe from old-
er Te ores.

In light of the above considerations, we take the ores
from volcanogenic massive sulfide deposits as the ones
likely to provide a reliable determination of the !*°Te
half-life. The relevant ores from the present study
comprise two distinct ore deposits of significantly
different ages: the 1.6 Ga Colorado Good Hope and Vul-
can native Te ores and the 2.7 Ga Quebec Mattagami al-
taite. These ores yield a mean !*°Te half-life of
(2.7£0.1)X 10?! yr, corresponding to a decay rate
'*=(2.6+0.1)X10"2 yr~!. Combining this result
with  the ratio of decay rates ['28,/r130
=(3.52£0.11)X 10 * derived above, we obtain a decay
rate of I'2$=(9.0+0.5)X 1072 yr~! and a 28Te half-life
of (7.7£0.4) X 10?* yr (Table VI). The '?®Te half-life thus
determined represents the longest decay lifetime ever
measured.

Because our selection of Te ores suitable for the deter-
mination of absolute decay rates is based solely on the
criterion that they originate in volcanogenic massive
sulfide deposits (for which inheritance of radiogenic *°Xe
from any preexisting Te concentration is unlikely), it is
instructive to consider collectively all of the existing data
meeting this one requirement. In addition to the Matta-
gami, Vulcan, and Good Hope samples from the present
experiment, we can include three previous analyses of
Mattagami altaite [8,38,40] and three previous analyses
of Good Hope native Te [9,14,38] in a “grand mean”
130T half-life. Assuming the common Pb ages of 1.6 Ga
for Good Hope and Vulcan and 2.7 Ga for Mattagami,

the result is (2.5+£0.4)X 10! yr, based on nine separate
130Xe*/Te determinations by three independent labora-
tories, and is consistent with the value derived from the
present data alone. The lo dispersion about this mean is
16%, within our estimate of the maximum likely analyti-
cal uncertainty (20%) in 3°Xe*/!3%Te. The relatively
small dispersion in the “grand mean” !’°Te half-life
justifies the assumption that accidental inheritance of
130Xe is not a problem for these two ore deposits. More-
over, because of the substantial difference in formation
age of the deposits (At ~ 1 Ga), the coherence of half-lives
likewise renders unlikely any significant problem with
thermally induced loss of radiogenic *°Xe in either de-
posit.

Despite the generally satisfactory nature of the “grand
mean” 3°Te half-life, we prefer the absolute half-life
determinations based exclusively on the present results
for two reasons. First, the absolute Xe abundances de-
rived here were based on two independent volumetric
calibrations, with an absolute uncertainty (<5%) which
is generally better than in previous determinations.
Secondly, the Te concentrations previously reported for
some of the ore samples included in the “grand mean”
are almost certainly underestimated. For example,
Richardson et al. [38] analyzed a sample of “essentially
pure Te” taken from the same parent specimen as that of
the Good Hope Mine sample investigated by Kirsten,
Richter, and Jessberger (who reported 100+0.6 % Te [9],
consistent with our analysis) but measured its Te concen-
tration as only 90.3%. Similarly, Lee, Manuel, and
Thorpe [8] report Te concentrations for Mattagami al-
taite and Kalgoorlie krennerite from atomic absorption
analysis that are systematically low (5-20 %) compared
to both the values determined by EDS in the present
work (Sec. II) and values reported in the literature based
on wet chemical analysis [15]. Since the absolute half-life
of *°Te is proportional to the Te/!*°Xe* ratio, the effect
of these underestimates of Te concentration is to underes-
timate the !*°Te half-life. Because of these problems, we
regard the *°Te half-life of (2.740.1)X10* yr deter-
mined from the present data as the best value currently
available.

IV. DISCUSSION

In the present study the BB decay of !*®Te has been
firmly established and the previous conflict regarding its
observation has been resolved. The principal results are a
precise and accurate determination of the relative !28Te
and 30Te BpB-decay rates and an improved measurement
of the absolute rates. In the following discussion, we note
the implications of these results for several topics, includ-
ing the Majorana mass of the neutrino, limits on the
strength of right-handed weak interactions, and bounds
on decay rates for Ov BB-decay accompanied by emission
of a Majoron. A summary of these points has been
presented in a previous paper [56].

A. Comparison with theoretical decay rates

Prior to the present work, several “best estimates’ for
the half-life of **Te have been given in the literature,
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based on compilations of previous analyses. Manuel [33]
has recommended a value of 8X10%° yr, while Kirsten
et al. [10] have given conservative limits of
(1.5-2.75)X 10?! yr based only on ores which have been
internally dated. We have already pointed out the likely
causes (Sec. III D) of the scatter of results in previous
half-life determinations; nevertheless, both of these esti-
mates correspond to decay rates considerably slower, typ-
ically by 1-2 orders of magnitude, than those in practi-
cally all theoretical computations [12,46—50]. Our result
of (2.740.1) X 10?! yr is consistent with the Kirsten et al.
limits, and in our view is sufficiently robust that experi-
mental problems cannot be invoked to account for the
divergence between prediction and observation. There is
thus a real suppression of the 1*°Te 2v decay rate which is
not adequately dealt with in BB-decay theories. The
present work extends this conclusion to 2Te as well,
since the observed '2®Te half-life of (7.7+0.4)X 10?* yr is

similarly suppressed relative to the theoretical predic-
tions.

As discussed in the Introduction, the decay of '*Te is
dominated by the two-neutrino decay mode [Eq. (1)],
while other decay modes [e.g., Eq. (2)] may possibly
contribute to the total decay width T2, of '2*Te. The
inadequacy of theory in duplicating the observed 2v de-
cay rate for !3°Te strongly suggests that comparison of
absolute theoretical and observed 2v [33-decay rates of
heavy nuclei cannot yet be profitably used as reliable indi-
cators of the rates of these other 38-decay modes.

B. Limits on the Ov decay rate

Despite the inaccuracy of the absolute 2v decay rate
calculations implied by comparison of theory with the
present experimental results, most S3-decay models pre-
dict a ratio of 2v decay widths, p,,=T12/T'1¥, which is
in fair agreement with observation. In particular, these
models [11] give p,,>2X10"*% compared to our result
Protar=(3.5210.11)X 107%. While it is tempting to as-
cribe any difference between the total decay ratio and the
predicted 2v decay ratio to the presence of neutrinoless
channels in '!Te decay, we resist doing so because the
theoretical calculations generally overestimate the 2v ma-
trix elements for both *Te and !*°Te by large factors,
with widely varying results. However, most calculations
of the Ov matrix elements are in fair agreement, at least
on a factor of 2 level, and we thus can have better
confidence in using the measured '*Te decay rate alone
to set limits on the neutrinoless decay rate. The problem
with this approach is partly experimental, in that this
rate is known with considerably less precision (because of
the reliance on measurements of absolute Xe concentra-
tion) and less accuracy (because of systematic uncertain-
ties in Te ore ages and Xe concentrations; Sec. III D)
than the ratio of decay rates. With this caveat in mind ,
we conservatively take the total decay width
128 =(9.0+0.5)X 1072 yr ! as an upper bound on the
Ov decay width:

128 128
Loy = Liotal » @)

whence a lower limit on the half-life for Ov decay of '2*Te

is given by the experimentally determined '?*Te half-life,

(T128)0,>(7.740.4) X 10** yr . )

C. Majorana neutrino mass and right-handed currents

In theoretical calculations of Ov BB3-decay [46-50], the
relationship between the decay half-life and neutrino
mass is usually presented in the form

[(T%Z/SZ )Ov]_]:Cmm(m )2+Cm-,-,<m )<77>
+Cpp )+, (10)

where (m ) is the effective Majorana mass of the neutri-
no and {7) the parameter which scales with the assumed
strength of the right-handed weak leptonic currents. The
coefficients C are tabulated by various authors. Using the
lower limit on the neutrinoless decay half-life [Eq. (9)]
and neglecting right-handed currents, we obtain (Table
VII) a range of upper limits on the effective Majorana
neutrino mass with Eq. (10), from <1.1 to <1.5 eV for
various estimates of C,,,,. We also derive the limit
[{n)]<5.3X% 107 % on the basis of coefficients calculated
by Suhonen, Khadkikar, and Faessler [50], which give
the least restrictive of the estimates. These limits are
comparable to the best currently obtained from direct
neutrinoless S3-decay searches.

D. Limits on Majoron coupling

We may also use our results to constrain the possibility
of neutrinoless BB decay associated with emission of a
Majoron [Eq. (3)]. The conventional Majoron emission is
ruled out at levels far beyond the present sensitivity be-
cause of the CERN LEP measurements of the Z° decay
width [51]. Nonetheless, unconventional Majorons have
been postulated that would evade the LEP limits but still
contribute to BB decay. To illustrate the sensitivity of
our determination of the '28Te half-life to three-body de-
cays, we apply Eq. (9) to a derivation [52] of the conven-
tional Majoron coupling constant |{gz )| to obtain the
limit

[{(gp)l<3x107°. (11)

A coupling at this limit would then generate the follow-
ing rates in other B3-decay nuclei:

T, ,,(*3Ca)>3.8X10% yr ,

T, ,,("%Ge)>4.9X 102 yr ,

T, ,(%78e)>7.1X 102 yr , (12)
T, ,,(1%Mo)>3.7X10?! yr,

T, ,,(Nd)>2.1X10?! yr .

These bounds are considerably more stringent than those
derived from experiments currently being performed
[53-55]. Although unconventional Majoron models may
involve somewhat different nuclear physics, qualitatively
it is clear that the total '2®Te decay rate is presently our
best constraint on three-body decays.
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TABLE VII. Upper limits on the effective Majorana neutrino
mass (eV). Derived from observational limit 797, > 7.7 X 10** yr

for '28Te BB decay, with |{n)|=0.
Theory [Ref.]

Upper limit on {(m,)

Haxton [4]* 1.1
Tomoda [49] 1.1
Suhonen [50] 1.5

3Calculated with g 4 /gy =1.0.

E. Constraints on solar neutrino detection

The standard solar model predicts that the Sun’s pho-
ton luminosity should increase monotonically, and that
the ®B neutrino flux should increase exponentially with a
doubling time of ~0.85 Ga. A test of this prediction has
been proposed by Haxton [27], who argues that Te ores
will accumulate excess 2Xe from the reaction

v+126Te 1261+ ¢~ (2.15-MeV threshold) (13)

followed by decay of '2°I (46% of the time) to '26Xe. As
noted earlier (Sec. IIIC5) we have observed ~10*
atom/g excesses of 2°Xe in our native Te ores. However,
we calculate that the reaction of Eq. (13) could account
for only ~ 1% of the effect and have postulated that reac-
tions by cosmic ray muons and energetic secondary pro-
tons generated by muon reactions are probably responsi-
ble for the observed 2°Xe excesses.

Although our experiments were not designed to

specifically test the Haxton hypothesis, they do put some
additional limitations beyond those already discussed by
him [27]. In particular, we calculate that the muon con-
tribution to 26Xe will exceed that from solar neutrinos
up to a depth of ~2.8 km w.e. (~0.4 km of rock=1 km
w.e.). The muon contribution drops to 10% of the solar
neutrino production at 4.4 km w.e. (roughly the depth of
the Homestake Mine), and neglecting other difficulties,
candidate samples from this or greater depth could be
used. We note in passing, however, that even with the
high-sensitivity instrument used in the present experi-
ment, it would require a kg-sized Te sample with trapped
Xe concentrations comparable to those in the present ex-
periment to obtain an uncertainty level of 50% in the ex-
cess '2°Xe abundance due simply to counting statistics.
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