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ABSTRACT 

A new dating method has been developed which 

uses fission product xenon in a manner similar to 

. . h 40 7\ 39 d radiogen1c argon ~n t e ~r - Ar metho • 

·Measurable quantities of spontaneous fission xenon 

acc~~ulate with time in rocks and minerals containing 

approximately 1 ppm or more of uranium as a result of 

the spontaneous fission of 238u. In the past, attempts 

have been made to date this type of sample by measuring 

the absolute amount of fission product 'ceno::1 and the 

uranium content. In the new method a sample is irrad-

iated in a thern.al neutron flux to implant xenon from 

the neutron ind1..1.ced fission of 235u in amounts 

proportional to the uranium content. After a short 

cool~ng period (before radioactive 133xe has decayed) 

the sronple is placed in a high vacuum system and the 

xenon is released by heating in a series of temperature 

steps. For each step the isotopic composition of the 

xenon is measured using a high sensitivity mass spectra-

meter and the ratio of spontaneous fission xenon to 

neutron fission xenon is calculated. Fission xenon ages 

for all steps are then calculated from the spontaneous 



to neutron fission xenon ratios and the measured 

integrated neutron flux. 

The method has several advantages over the con

ventional U - Xe technique. {a) The measurement of isotope 

ratios is inherently more precise than the measurement of 

absolute quantities. (b) Whereas the conventional U - Xe 

technique measures the sample date only once, the method 

described in this thesis measures the sample date several 

times. (c) If a geological disturbance has caused loss 

of fission xenon a valid date can still be obtained using 

the lo'"' mobility xenon released at high temperatures. 

(d) In some samples disturbed dates as \olell as initial 

formation dates ean be measured. 

The method was developed and evaluated by a series 

of experiments which dated four zircon samples, one sphene 

sample, and a carbonatite sample. The zircon and sphene 

samples had been dated in other laboratories by the conven

tional u - Th - Pb and Rb - Sr methods. Fission xenon dating 

of these samples provided valuable new geochronological 

information. The e:{periments also sho\ved that in addition 

to the advantages mentioned, the new method appears to be 

better able to see past metamorphic events than other 

methods. 
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CHAPTER 1 

INTRODUCTION 

Since the discovery by Becquerel of radioactivity 

(Becquerel, 1896) and a suggestion by Rutherford that the 

quantity of helium produced by the alpha decay of uranitw 

and its daughters could be used to determine the age of 

terrestrial rocks (Rutherford, 1906), a variety of radioactive 

da.ting methods have been developed (see Faul, 1966, or 

York and Fa.rquhar 17 1972) e 'Nhen studying a particular 

sample or samples from a limited geographical area any one 

of these methods may be found to be deficient in some 'rf.ray .. 

In fp.ct, the geochronology of a region is usually determined 

by a combination of radioactive dating methods and even then 

some uncertainties may be left unresolvede Thus, provided a 

new method can supply extra information and is not too diffi-

cult experimentally, it can prove to be a valuable addition 

to existing dating techniques. 

One of the many possible techniques which has 

received periodic nt.tP-ntion (Butler et al. 1963; Schukoljukov 

and .Hirkina, 1963) measures the amount of fission product 

xenon which has accumulated from the spontaneous fission of 

238u and the urc~nium content of a sample. This information 

., 

..l. 



when inserted into the U-Xe age equation (equation 5, p. 7) 

t yields the age of the sample. 

This thesis presents this basic method with an 

innovation similar to one of Merrihue's inventions as a 

possibly powerful new technique of geochronology. 

Merrihue (1965), and Merrihue and Turner (1966) developed 

a variation of the K-Ar method, the 40Ar - 39Ar method. 

Rather than measuring the potassium content directly 

samples were irradiated along with a flux monitor (a sample 

of known age) in a fast neutron flux in order to convert 

some of the potassium to argon by means of the reaction 

39K(n,p) 39Ar so that the ages of the samples could be 

determined from the 40Ar;39Ar ratio. The precision of the 

40
Ar -

39Ar technique proved to be inherently better than 

that of the K-Ar method except for samples with low K/Ca 

2 

ratios and younger than 10 8 years (Dalrymple and Lanphere, 1971). 

In addition to the advantages of precision and 

· 1" "t the 40Ar - 39Ar 1 · h th d t th t s1mp ~c~ y tec1n1que as e a van age a 

argon can be released from a sample by heating the sample in 

tFor samples less than 500 million years old the age 

is proportional to the amount of fission xenon in the sample 

divided by the amount of uranium in the sample. 



a series of steps of increasing temperature~ Thus when 

one or more geolo9ical events have disturbed a sample 

since its ini"'ci~.l forrna.tion the dates of these disturbances 

can sometimes be determined from 40Ar;39Ar ratios measured 

in argon released at lo'\ver temperatures (Turner et al .. , 1966)., 

The u - Xe technique can be modified in a similar 

manner (Teitsma et alo, 1974 and 1975) gaining for the new 

method, the fission xenon dating methodv the same advantages 

which resulted from modifying the K - Ar technique. The 

modification is made possible by the following circumstances: 

1. Although other naturally occurring nuclei fission 

spontaneously, either their spontaneous fission half lives 

are too long or their abundances are too small to detect 

sufficient quanti·ties of fission products from these nuclei, 

either for use in a radioactive dating method or as a possible 

source of interference with fission products resulting from the 

spontaneous fission of 238u. 

2.. ~1hen a sample is irradiated in a thermal neutron 

flux the only nucleus which can be induced to fission is 235u 

since the fissioning of both 238u and 232Th require fast . 

neutrons (Goldberg et al .. , 1966). 

3. The ratio 235u;238u is constant in natural 

uranium of terrestrial origin (Hamer and Robbins, 1960) .. 

3 



4.. 'rhe isotopic composition of xenon produced 

h ' d d f. . f 235 ' . d. t" tl by t e neutron ~n uce 1ss1on o U 1s 1s 1nc y 

different from that produced by the spontaneous fission 

xenon of 238u (see table 1). 

There are a few exceptions to conditions 1. and 3. 

but these exceptions occur so rarely that they can be 

ignored. 

Thus, irradiating a sample with thermal neutrons 

converts some of the uranium to xenon. Isotopic analysis 

of the xenon extracted from the sample after irradiation 

determines the ratio of spontaneous fissions to neutron 

fissions. Since this ratio is-proportional to the ratio of 

the number of spontaneous fissions to the amount of 238u in 

the sample it is a measure of the age of the sample. A 

precise date is calculated by inserting the ratio plus the 

measured value of the integrated neutron flux into the 

fission.xenon age equation (equation 9, p. 9 ). 

The most: important of the advantages of the fission 

xenon dating technique is the ability to use the method in 

conjunction with stepv1ise heating experiments, and the 

consequent possibility of measuring disturbed ages as well 

as an initial age. In this type of expe~irnent, fission 

xenon dating has a further advantage resulting from the 

4 
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ability to use up to six fission xenon isotopes: the 

assumption that the neutron fission xenon is implanted 

in sites similar to those in which the spontaneous 

fission xenon is implanted, can be examined at each 

temperature step by the agreement among the results 

from several pairs of isotopes. In comparison, the only 

h k h . 1 t . . 40 39 . c ec on t e equ1va ent assump 1on 1n Ar - Ar stepw1se 

heating experiments is how well the 40Ar release is 

. 39 
correlated with the release of Ar. 

The fission xenon dating technique is obviously 

suitable for samples which contain moderately high amounts 

of uraniumo However in order to increase the applicability 

and hence usefulness of the method, its developmen·t \V'as 

aimed at dating samples of norma.l U cont.ent (tV 1 p.p.m.) 

as well as samples of high U content$ The remainder of the 

thesis, beginning with the derivation of the age equation, 

describes this development both theoretical and experimental 

and the results obtajned from a variety of sampleso 



CHAPTER 2 

THE AGE EQUATION 

238u is an unstable nucleus with two kno~vn modes 

of decay, alpha particle emission and spontaneous fission~ 

~~ile the dating method formulated in this thesis depends 

on det.ecting fission product xenon accumulated from the 

238 fission decay mode, the U half life is determined by 

the alpha decay mode since alpha particle ~Jission occurs 

much rnore frequently than spontaneous fission. Thus the 

amount of 238u present at any time, t, is 

238u -;\ t = e a 
0 

(1) 

where 

238 238 U
0 

= number of atoms of U present at time t=o 

Aa = alpha decay constant 

and the spontaneous fission rate at any time, t, is 

dS 
dt -

6 

(2) 



By integrating this last equation, and by substituting 

for 238u
0 

from equation 1, it follovJs tha.t the total 

number of fissions detectable after a lapse of time, 

assuming the record has not been altered is 

As 23Bu 
A T 

s (e a 1) = x- -
a 

where s = total ntunber of fissions 

238u = number of atoms of 238u present at time T 

A = s s pon f:aneous fission decay constant 

The isotopes of xenon proc.uced a.s a result of 

fission process are thus 

relations of the form 

yi s 
s 

present in amounts given 

whicr .. become upon substitution from equation (3) 

= i 238u As 
Y,,... ' 

,::') A 
a 

by 

T, 

(3) 

the 

(4) 

(5) 

where iv rnb f f i f .llt.es = nu er o atoms o Xe accumulated rom 

the fission process 

Y~ - spontaneous fission chain yield for mass 1 • 

7 



Equatio~ (5) is the U - Xe age equation. In 

deriving it explicit use v7as made of the assumption 

that no significant amount of fission xenon is lost 

between the time of the rock formation and the presents 

A better approach relaxes this assumption. 

The number of fissions which occur in a sample 

irradiated in a thermal neutron flux as a result of the 

neutron induced fission of 235u is given by the equation 

N = a <Pt 235u 235 (6) 

where -- thermal neutron fission cross section of 235u 

¢t = integrated thermal neutron flux 

235u = number of 235u atoms in the sample 

As in the case of spontaneous fission, among the products of 

neutron induced fission are several isotopes of xenon so that 

after irradiation, these are present in amounts given by 

equations of the form 

i vi N (7) X eN = ·-N 

i ·; 
where X eN = number of atoms of ..... Xe accumulated from the 

neutron fission process 

yi = neutron fission yield of isotope i N 

8 



Taking t~e ratio of equations 3 and 6, the ratio 

of spontaneous fissions to neutron fissions is 

S/N 

A T a (e -1) 
0 235 (cpt) 

(8) 

Rearrangement of this relation expresses the age equation 

in the more useful form 

- t 
wh.ere,provided well thermalized neutrons are used,tPt, the 

integrated neutron flux, is easily measured using a flux 

monitor (e~g. 1% Co = Ai) and where as a consequence of 

equations 4 and 7 the ratio, S/N, can be determined from 

measurements of the ratio of spontaneous fission xenon to 

neutron fission Kenon. 

t The ratio of the activity induced in cobalt to 

that produced in cabal t '"~rapped in· cadmium should .be ~ 15 :o 

9 



CHAPTER 3 

EXPERIHEHTAL 

Techniques and Numerical Treatment of the Data 

A., Samples and Sample Preparation. 

1~ Air Samples 

Samples of xenon prepared from air were used to 

calibrate the mass spectrometer. The air samples were 

prepared by dr~.¥.1ing out long capillary tubes from pieces 

of 6 mm. OD pyrex tubing. A section of capillary tubing 

\'J'hich appearecl. uniform in diameter was filled with mercury 

and t.he length of mercury drawn into the capillary was measured .. 

Subsequent weighing of the mercury determined the volume per 

unit length of the tubing ("-' 0 .. 8 x 10-3 mi/cm.). The capillary 

tubing was· sealed off and sectioned into air samples containing 

"' 3 x 10-3 cc. STP of air by local melting of the glass. 

2. Rock Samples 

Since the initial aim was to use the fission xenon 

dating method to date rocks containing 1 ppm or more of uranium, 

a variety of terrestrial rocks were examined for excess spontan-· 

eons fission xenon. A number of the sa.mples had already been 

crushed and sievedo These were used without further crushing 

or sorting. A new crusher was machined for the remaining 

samples to minimize possible sources of contamina.t:i.on.. Aft.er 

10 



a sample had been crushed the crusher was cleaned with 

fine emery·paper and running water and was dried before 

the ne;ct sample was crushed. Sieves were used to sort the 

crushed samples into a 24 - 48 mesh fraction, and a < 48 

mesh fractione All particles from a previous sample were 

removed from the sieves before the next sample was sievedo 

Only the 24 - 48 nesh fractions were used in the experimentse 

3. Rock Samples - Irradiated 

Samples from three rock specimens were irradiated. 

One gram quantities of each were placed in evacuated quartz 

vials (see figure la). Two 1% Co-At wires were taped to 

opposite sides of each vial. In addition, a 1% Co-Ai wire was 

placed in the ceni:re of each sample. These wires, cut to match 

the height of the samples in the vials, were used to monitor 

the neutron flux during the irradiations. The activities of 

11 

the two outside wires were averaged, thus correcting for neutron 

flux asymmetry.. 'rhe central wires were used to correct for 

neutron flux deprt~ssion in the samples (see Appendix I for the 

flux depression calculation). 

4o Zircons and Sphene - Irradiated 

Four samples of zircon and one sample of sphene were 

chosen for irradiation and subsequent dating because these 

minerals have a high uranium content and are fairly retentive 

for radiogenic helium (Hurley 1954). Since these samples were 



smaJ.l ("-' 20 mg .. ) they \Plere wrapped in aluminum foil to 

facilitate handlinge Each of the samples was irradiated 

alongside a single 1% Co-A£ flux monitor in an evacuated 

quartz vial (see figure lb). 

B.. Extraction 

la The Extraction Line 

The extraction line is shown schematically in 

figure 2.. The line was divided into t'\vO sections. The first 

was used for extraction and initial purification, the second 

for final purification, for separating xennr. from the other 

noble gases, and for admitting xenon into the mass spectro

meter for isotopic an~lysis. The construction of the line 

was such that work could proceed simultaneously in both 

sections. 

The resistance heating furnac~ capable of heating 

samples up to 1400°C consisted of a Kanthal REH tubular heating 

element surrounded by alumina powder insulationm The temper-

ature inside the furnace was controlled and measured with a 

Bach-Simpson model 5626 indicating temperature controller 

which used a Pt = 13% RhPt thermocouple as a heat sensor. 

Purification of the gas samples was accomplished by 

means of titanium getter pumps. During purification titanium 

. 0 0 
sponge was slowly cooled from about 800 C to about 100 C 

12 
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wires 

sample 

(a) (b) 

FigUf~e I (a) Quartz Irradiation Vial (large sample) 

(b) Quartz Irradiation Viol (Zircons) 

Figure 2 The Extraction Line 
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diffusion 
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spectrometer 
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thus removing all but the noble gases. 

Gas samples \vere transferred from the first to the 

second section by condensing on the charcoal trap while it 

0 was held at liquid nitrogen temperature <~ 186 C). Xenon 

\'las separated from the other rare gases by \\"arming the 

charcoal trap to dry ice temperature (- 80°C). At this 

temperature xenon was retained by the trap while other rare 

gases were·released and pumped away. 

The control valves, v1 , v2 , v3 and v4 , were 

stainless steel Nupro model SS-4BW-SW bellows valves. 

Valve v1 was kept closed except when pumping the line down 

from atmospheric pressure. Valve v2 isolated the two sections 

of the line from each other. Valve v
3 

opened to a high vacuum 

pump consisting of a liquid nitrogen trap in series with a 

mercury diffusion pump. Access to the mass spectrometer was 

controlled by valve v 4 . 

2. Single Heating Step Extractions 

Xenon was released from the unirradiated rock samples 

and the sphene sample in a single heating step. A sample of 

either type from which xenon was to be extracted was put in 

a quartz liner positioned to place the sample in the centre of 

the resistance furnace. After the sample line had been 

evacuated the sample temperature was raised to 200°C~ This 

temperature "Jas maintained for one hour and the gases thus 

14 



evolved from the sample were pumped away~ The sample line 

was then flamed to remove adsorbed gases, particularly 

xenon. 

Next, the first section of the sample line was 

isolated by closing valve v2 and the furnace temperature 

was raised to 1400°C. After one hour at 1400°C the furnace 

was shut off and ·the gases evolved from the sample exposed 

to titanium at 800°C. The remaining gases were then trans-

ferred to the second section of the extraction line. The 

line \•Jas flamed briefly to ensure complete collection of the 

xenon.. Upon completion of the transfer, th~ second section 

of the line was isolated by clo~ing valves v 2 , v3 , and v 4 

and xenon was separated from the other rare gases which were 

pumped away by opening valve v3 for several minutes. The 

r~~aining gas sample was purified a second time and was then 

expanded into the mass spectrometer for isotopic analysis 

of the xenon. 

3. Stepwise Heating Experiments 

Xenon was extracted from the three irradiated rock 

0 samples and the four samples of zircon by heating from 200 C 

to 1400°C in a series of eight temperature steps. As in the 

15 

single step heating experiments,gases evolved by heating the 

samples up to 200°C were discarded. The procedures for collecting, 

purifying and analyzing the xenon from each of the temperature 



steps were the same as those described for the single 

step heating experiments~ 

c. Mass Spectrometry 

1 o The ~ia s_~_l?.E~-; c !=-.EO Tile!.£!. 

The isotopic abundances were measured with a 90° 

sector, 10 inch radius, direction focusing mass spectro

meter. The resolution of this instrument, 1 : 625p was 

sufficient to separate xenon from the isobaric hydro

carbons. Maximum sensi ti vi ty \V'as achieved by machining 

the ion beam path from a solid block of inconel and by 

operating the mass spectrometer in the static mode. Under 

optimum conditions the spectrometer is capable of detecting 

approximately 5000 atoms of a rare gas isotopes 

Samples were ionized ~nd the resulting ions were 

accelerated by a Nier type ion source (Nier, 1947). The ion 

detector was a Johnston Laboratories W1-l ·particle multiplier 

with a gain of~ 10 5 • The signal from the multiplier was 

amplified by a Cary model 401 vibrating reed amplifier and 

the output of the amplifier was recorded on a Hewlett

Packard model 680 strip chart recorderc 

The pumping system consisted of a mercury diffusion 

pump and a Varian model 911 - 5021 ion pump connected to a 

pumping manifold by one i.nch Granville-Phillips ultra high 

16 



vacuum valves~ The spectrometer could he isolated from 

the pumping manifold by a one inch valve of the same kind .. 

2. Isotopic Abundance Measurements 

The raw data of an isotopic abundance measurement 

consisted of the peaks recorded by the strip chart as the 

magnetic field of the spectrometer was slowly varied. A 

measurement consisted of eight double scans over the desired 

mass range : masses 136 to 124 for the unirradiated samples 

and masses 136 to 129 for the samples which '\vere dated. 

The height of eac~ xenon peak was measured by ruler, and 

the times at which the peaks were recorded were read off the 

chart. 

Due to the ion pumping action of the spectrometer 

during static analysis the sample was depleted rapidly in the 

course of a measurement (tV one half the sample in 40 minutes) .. 

The resulting decrease as a function of time of the peak 

height of the isotope chosen for normalization was determined 

either graphically or by a polynomial least squares fit (see 

Bevington, 1969). The peak height of a second isotope 

recorded at a time tu was then divided by the peak height of 

the. normalization isotope at time t, to determine the isotope 

ratio of the second isotope at time ~· 

Both depletion of the sample and memory from previous 

samples cause variation of the observed isotope ratios \vith 

17 



·time. hTl1en feasihle the ratios \-Jere e:-:tra.polated by a 

linear least squ<:tres fit to the time at \>Jhich the sample 

was admitted to the mass spectrometer. When the variation 

was not linear the extrapolation was don~ by a polynomial 

fit. In the latter case the fit was checked by plotting. 

3. Calibration (Hass Discrimination and Sample Size) 

The extrapolated ratios were corrected for 

instrumental mass discrimination by adjusting the ratios so 

that the mean isotopic composition of the air samples was 

equal to the absolute isotopic composition of atmospheric 

xenon (see table 2~ as determined by Nier (1950). Since the 

sizes of the air samples had been measured (see section A 1), 

the absolute abundance of the xenon extracted from a sample 

could be determined by peak height comparison .. 

The terms 11 isotopic composition" , 11 isotopic abundance !I , 

and "isotopic ratio" when used in the remainder of the thesis, 

refer to the extrapolated ratios corrected for instrumental 

discrimination. 

D. Flux Heasurernents 

1. Flux Monitor Gamma Rav Counting 

Th t . . t f 6 0 . h 1 ° f 1 e ga~~a ray ac 1V1 .y o Co 1n eac % Co - AN ux 

monitor was measured relative to a similarly shaped Co - A1 

standard of precisely known activity~ To reduce the 

18 



. f . t. . t f 24 ( 15 h ) f d . 1nter er1ng ac ~v1 y o Na T
112 

= ours , orme 1n 

the reaction 27A1(n,y) 24Na, to a negligible level, the 

activity of a flux monitor was not determined until at 

least ten days after an irradiation. 

2. Integrated Neutron Flux Measurements 

The cobalt content of a flux monitor was determined 

by weighing the monitor. The integrated neutron flux, ~t, 

was then calculated by inserting the activity of the monitor 

and its cobalt content into the expression 

where 

activity 

Nco 0 co .Aco 

Nco = number of atoms of 
59

co 

aco = neutron capture cross section of 
59

co 

.Aco = decay constant of 
60

co. 

The value of the cobalt cross section, 39.2 barns, 

used in the above calculations included a small correction 

for epithermal neutron capture (Westcott, 1962). This 

value was based on a 2200 m/sec cross section of 37.3 barns 

·which compares favourably with a recent measurement of 

37.15 ± 0.08 barns (Dilg, 1973). The errors in the flux 

measurements are estimated to be less than 1.5%. 
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B. Calculation of the Fission Xenon Ages 

1. Date~_Calculated fro~ Paired Isotopes 

Of the t\"lO methods available for dertennining the 

fission xenon ages of irradiated samples, the most straight-

forward is to calculate a set of fission xenon dates from 

all possible pairs of fission xenon isotopes. In this 

method, the isotopes 129xe and 130xe which are not produced· 

in significant quantities in the fission process are used to 

determine the size of the atmospheric component in a measured 

i.sotopic cornposi tion by calculating the best estimate of the-

129X . . 1 . h . . . e 1sotope ratJ.o re at1ve to t e normal~~at1on J.sotope. 

This ratio times the isotopic composition of atmospheric 

xenon as given in table 2 (i.ee .with 129xe ~ 1.000) is sub-

tracted from the measured composition. The remaining, fission 

xenon isotopic composition, is then assumed for the purpose of 

the calculations to be due to xenon obtained from fission of 

238u and 235u nuclei. 

i Expressing the amount of Xe (fission) as 

ixe (fission) = i yi 
N· YN + S S 

where . . 
Y~ = absolute neutron fission yield of 

1
Xe 

yi = absolute spontaneous fission yield of iXe s 

(2) 

N is proportional to the number of neutron fissions 

S is proportional to the number of spontaneous fissions, 
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the fission xenon isotope ratio of a given pair.of 

isotopes can be expressed as 

ixe (fission) 

jXe (fission) 
= R .. = 

~] 

(N Y~ + S Y~) 
(N Yj + S Y~) 

N '"~ 

This equation when rearranged shows that the ratio of 

(3) 

the number of neutron fissions to the number of spontane-

ous fissions as measured by this pair of isotopes is 

s = N 
(4) 

In the present work five fission xenon isotopes 

were measured. Thus substituting the values of S/N 

obtained from all pairs of fission isotopes of a ~easured 

isotopic composition into the fission xenon age equation 

(equation (9) pa 9 ) resulted in ten dates, although it 

must be pointed out that the ten dates thus obtained 

represent only four independent age determinations. 

2. Least Squares Fit Dates 

!.east squares analysis of the isotopic abunclances 

is a second method for determining the fission xenon dates 

of a sample. Ideally, a measured isotopic composition is 
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the sum of three components, a neutron fission component, 

N, a spontaneous fission component, S, and an atmospheric 

component, A.. Hence, letting Y~ , Y~ , and Y~ be the 

yields of the components indicated by the subscripts, the 

isotopic abundance of isotope, i, is the sum 

(5) 

Since 1xe can not be measured exactly in practice there is 

a difference, 

d. = ixe (measured) - (Yi N + yi S + yi A) (6) 
.1. N S A 

between the measured value of 1x~ and the exact value of the 

sum on the right hand side of equation 5. Squaring this 

deviation and adding on to it the squares of the deviations 

of all other measured isotope ratios forms the sum of the 

squares of the deviations, 

M = r. [ 1xe (measured) - (Yi N + YiS + Yi A)] 
2 (7) 

. N S A 
~ 

The method of least squares consists of minimizing 

this sum with respect to the components, N, S, and A (i.e, 

· · d · t" 3M 3M aM sett~ng each of the part~al er~va J..ves,dN , 1fS , and ax 
equal to zero). Tbe three normal equations which result 
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from this procedure are then solved for the hest estimate 

of the values of N, s, and A. If in the above equation 

i i the absolute fission yields are used for the YN and the Y8 

then the ratio 6 H/S, equals the number of neutron fissions 

divided by the numbers of spontaneous fissions and hence 

substituting this ratio into the fission xenon age equation 

(equation 9~ P~ 9 determines the fission xenon dateo 

Two methods for solving the normal equations for an 

arbitrary number of components are given in Appendix IVa 

In this appendix the symbol Ri is used in the place of 1xe 

and for the sake of completeness the theory is developed 

for cases where the errors (cr 1 )· or at least the relative 

tt1Teights wi (propor·tional to 1/ 0 ?) , of the isotope ratios are 
~ 

known., 

In this work,.unweighted (wi = 1) fits were used to 

determine the lea.st squares fit dates. The constant numerical 

values required in order to calculate these dates and the 

23 

dates determined from paired isotopes, can be found in table 1. 

. . 136 133 132 
The values for the y1elds YN , YN , YN d Y131 needed an N 

modification before they could be used in the calculations~ 

These modifications are described in the next section (F) 

and the modified values or the required correction factors 



'J'.~BTJE 1 

Values Used in the Calculation of Fission Xenon ~ges 

Tl/2 
(("\ 238u spontaneous fission 15 (Segre 1951) '"'' : (8.04±0.28)xl0 yr. 

Tl/2 ( Cl) : 
2380 a - decay 9 4.Slxl0 yr. (Lederer 1968) 

'J'l/2 (Co) 60 5.263±.003 yr. (Gorbics 1963) : Co 13-decay 

0 235 : 2350 neutron fission 563.7 barns (Critoph 1964) 

· 0 co : 60co neutron capture 39.2 barns (Westcott 1962) 

0 135 : 
135 Xe neutron capture (3.6±0.4)xl0 6 barns (Golc'!berg 1966) 

yl36 
N (6 .33+0. 22±0 .13) % 

yl35 
N (6. 56.±0 .13) % 

vl34 (8.13±0.16) % 'N 
y133 (Wahl 1969 

N (6.70±0.13) % or Farrar 1962) 
yl32 

N (4.43±0.09) t 

yl31 
N (2.97±0.06) % 

yl29 
N (0.64±0.04) % 

-
yl36 
s (6.30±.38) % 

yl34 
s (5.14±.31) % (Young 1960) 

y132 
s (3.63±.22) % 

yl31 
s (0.524±0.031) % 

23Su 1 23Bu 7.24Bxlo-3 

59 co 
(Lederer 1968) 

mass 58.93 amu. 

Avrogadro's number 23 6.02252(9)x10 atomsjqm.mole 

I".J 
,.r;:,. 



are given in ch2pter 4. 

3 c Complications .n ... ffecting the Determination of Fission 
Xenon Dates~ 

Up to now the assumption has been made that an 

isotopic composition consists of three components. In the 

majority of cases this assumption was found to be not valid. 

An obvious complication is the production,during the 

irradiation of a sample ~of 131xe \rlhich is the end produci: 

f . h l . 130T d 130 o neutron capture react1ons on t e nuc e1 e an Ba. 

25 

For samples with uranium concentrations of less than 100 p.p.rn. 

the effect on the isotopic abundance of 131xe is usually 

significant. 

A more subtle and important complication is the 

preferential diffusion of the precursors of fission product 

xenon. This is known to enhance the isotopic abundances of 

xenon isotopes ~rith long lived precursors when xenon is 

released at low temperatures (Kennett and Thode, 1960) and is 

caused by the fact that tellurium and iodine diffuse more 

rapidly than xenon. The two xenon isotopes most seriously 

affected are 131xe (the half life of 131mTe = 30.0 hours 

and that of 1311 = 8.05 days) and.to a lesser extent 

132xe (the half life of 132Te = 77.7 hours). t\Then preferential 

precursor diffusion is particular!~ pronounced other isotopes 



can also be affectedo 

As a result of these effects, many of the dates 

calculated from paired isotopes were not valid and up 

to five parameters rather than just three were needed 

in some of the least squares fits .. 

Convincin~J evidence for the complications 

discussed thus far was found in the present work. But, 

there are further possible coMplications \'Thich can effect 

fission xenon dating experiment~. 

t"Jhen xenon is extracted from a sample by stepwise 

heating before the precursors,· 1311 and 132Te, have 

131 132 completely decayedu some of the Xe and Xe collected 

from each temperature step except the first is associated 

with the neutron fission xenon of the previous temperature 

fractionsg If a large amount of neutron fission xenon is 

extracted from the sample in the lowest temperature steps, 

or if the time lapse between successive steps is long, the 

amounts of excess 131xe and 132xe from this source become 

significa.nt, and the excess must be subtracted from the 

measured isotopic composition (see chapter 4, p. 41) .. 

In very r..igh uranium content minerals such as 

uranium ores, neutrons V'Thich are a by-product of spontaneous 

26 

f . . b d b 235 d 238 -1ss1on can. e capture y U an. U (Young and Thode, l96D)c 



A correction (Shukoljukov et ale, 1974) must be made for 

the resulting neutron fission product xenon. Since in 

this case the decay of the long lived isotope 129 r 

(T
112 

= 1.7 x 10 7 years) can not be neglected, neutron 

capture by 128Te ~an also cause enhancement of the 129xe 

isotope abundanceo 

The isotopic abundance of 130xe in samples which 

contain only small amounts of atmospheric xenon can be 

enhanced by the double beta decay of 130Te (Inghram and 

Reynolds, 1950). In theory (Primakov and Rosen, 1959), 

130Ba could also contribute to the abundance of 130xe 

through the same process. Double beta decay as ii affects 

the other even mass xenon isotopes can be neglected since 

the theoretical half lives are too long. 

The enhancement of the abundances of xenon isotopes 

affected by precursor diffusion should be reflected by a 

corresponding depletion of these isotopes when xenon is 

extracted at high temperatures. So far this effect has proved 

negligible. 

Other complications such as contribution from the 

fissioning of extinct 244Pu or a primordial xenon component 

would only occur in samples of a highly unusual nature. 
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Fo Neutron Fission Yield Corrections 

1 . h y· ld yl33 yl32 d yl31 • Decay Correct1ons to t e 1e s N , N , an N 

Among the fission xenon isotopes whose abundances 

d 133 . . . . . d. . were measure Xe 1s un1que s1.nce 1t 1.s a ra J.oactJ.ve 

(T
112 

= 5.27 days) nuclide and thus can only result from 

neutron induced fission. But this also necessitated the 

calculation of a different fission yield for each measured 

isotopic composition~ Furthermore, in order to observe 

133xe the measurements must be made before the precursors 

132 131 of Xe and Xe have completely decayed. Thus the neutron 

fission yields of these isotopes also must be corrected for 

the incomplete decay of the precursors. 

The decay schemes and the equations which were needed 

to make the necessary adjustments can be found in Appendix IIe 

The quantities which were calculated and which are given as 

correction factors in the results were the fractions of the 

absolute neutron fission chain yields (the neutron yields 

shown in table 1) which were present as xenon at the moment 

during extraction when a xenon sample was transferred from 

section #1 to seci:i.on #2 of the sample line. The calculations 

were made in two steps.. First the abundances of all nuclei 

which were present at the end of an irradiation and which 
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-v.rould contribute ~:o the neutron fission yields of the 

xenon isotopes under discussion were calculatedo Then 

the values of these abundances were used in the second 

step to calculate the neutron fission yields at the time 

of transfer$ A small additional correction required to 

account for the decay of 133xe between the time of transfer 

and the time a sample was let into the mass spectrometer 

was made by reducing the absolute mass 133 chain yield 

from 6.70% to 6.678%. 

135 136 136 The Xe(n,y) Xe Correction to the Yield YN 

Since 135xe has an extremely large neutron capture 

cross section, 3.6 x 10 6 barns, during an irraniation a 

136 . 135 significant,amount of Xe 1s produced from Xe by the 

reaction 135xe(n,y) 136xem This effectively increases the 

neutron fission yield of 136xe. Details needed to calculate 

the increase in t.he yield, Y~ 36 , are given in l\.ppendix III"' 

G. Whole Sample Isotopic Abundances 

~1hen appropria.te (J a whole sample xenon isotopic 

cornposi tion was calculated for a sample from t.-.rhich xenon '"'as 

extracted by stepwise heating. The isotopic composition of 

each step was multiplied by the absolute amount of xenon 

collected from itm The whole sample isotopic abundance of 
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each individual j_sotope was then found by adding together 

the abundances of that isotope from all the steps and 

dividing by the total amount of xenon collected. The 

neutron fission yields used to determine the whole sam.ple 

fission xenon dates were calculated by multiplying the 

neutron fission yields for each step by the ar1ount of 

neutron fission xenon found in it, summing the results for 

each yield, and ci.viding- by the total a.mount of neu.trOl1 

fission xenon. 
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CHAPTER 4 

RESULTS 

A. Unirradiated Samples. 

The resul1:s of experiments to determine which 

samples (other than the zircon and the sphene) might be 

suitable for testing the fission xenon dating method are 

shown in table 2. The errors shown in this table represent 

t d d d . . f h F 132 h. h . . one s an ar ev1at1on o t e mean. or Xe w 1c or1g1n-

ally was the normalization isotope the error was calculated 

from the scatter of t:.he peak height (pk. ht.) about the 

plotted curve of peak height versus time using the formula 

a = ht. (measured) - pk. ht. 
n - 2 

2 ~ 
(graph)) J ' 

where n = number of peak height measurements. 

(1) 

Using the same method to calculate o, the errors of 

the remaining isot.ope ratios were calculated from the relation 

4 02 ( 1 1 + 2n ) 
= n-1 (2) 

which can be derived from the error fonnula for a least 

squares fit to a straight line (Young, 1962, p.122) under the 

assumption that the ratio measurements are evenly spaced. 
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TABLE 2 

Isotopic Composition of Unirradiated Samples 

<129
xe = 1. 000) 

Sample Weight 129 136Xe 134Xe 132Xn 131Xe 130:Xe 129Xe 128 126Xe 124~ce Xe Xe 
in qm. lo-12cc. 

- --------------------
Air (Ni~r 1950) 0.3355 0.3949 1. 0170 0.8011 0.1543 1. nooo 0.0726 0.0034') O.Ofl3fi3 

f<~A-64-2 0.5034 8.1 0.5028 n. ·3 ~ 13 l.il96 0.82J6 0.1542 1. 0000 
\'...:a i-L,.Jnc:. t i te) ~. 0015. ~.0018 ±.oo::n ~.00~0 :!:.,0013 ±.0034 

st. raul's Rocks 0.51G1 20 0.3511 0.4019 1.0187 0.7960 0.1552 1.0000 0.0743 
18-,~Cf! ±.0021 ±.0022 ±.0019 ±.OO:>S ±.0013 ±.0033 ±.0017 

St. Paul's Rocks 0.5003 80 0.3367 0.3':156 1.0154 0.7902 O.JSlS 1.0000 0.0706 0.00180 o.orl39o 
SE-13 ±.0022 ±.0017 ±.0020 ±.0024 ±.0012 ±.0047 ±.0011 :t.OI)028 :'::,00019 

St. Paul's Rocks 0.5004 55 0.3445 0.3989 1. 0159 0.7978 0.1545 1. 0000 0.1)750 - 0.00346 
SF-31 ±.0017 ±.0026 ±.0015 ±.0051 ±.0016 ±,0033 ±.0015 ±,00023 

St. Paul's Rocks o.soo 18 0.3383 0,3q06 1. 0251 0.8130 0 .160 3 1. 0000 
NE-4 ±.0037 ±.0045 ±.0052 ±.0078 ±.0046 ±.0090 

Hualalai 0.4868 125 0.3329 0.3~49 1.0243 0.8035 0.1541 1.0000 0.0732 0.00362 0,00367 
(dunite) ±.0013 ±.0023 ±.0013 ±.0027 ±.0010 ±.0035 ±.0012 ±.00023 ±.OOOEi 

Reunion 0.5022 110 0.3379 0.3930 1. 0173 0.7974 0.1520 1.0000 0.0719 0.00314 1').()0343 
(durli te) ±,0018 ±.0029 ±.0013 ±.0039 ±.0009 ±.0071 ±.0007 ±.00028 ~.()()()25 

Anjouan 0.5499 115 0.3370 0.3996 1.0140 0.8054 0.1535 1.0000 0.0725 0.00335 0.00361 
• (dlmite) EN 237 ±.0023 ±,0019 ±.0020 ±.0043 !.0013 ±.0062 ±.0010 ±.OOOlC\ ±.00009 

A:r.ores 0.5239 143 .0.3471 0.4050 1. 0312 0.8091 0.1543 1. 0000 0.0723 0.00334 0.00359 
(dunite) AZ 175 t,0022 ±.0026 ±.OC:'7 ±.0051 ±.0012 ±.0091 ±.0008 ±.00013 ±.00006 

IJish Hill 0.5048 48 0.339~ 0.3999 1. OJ 75 0.79RS 0.1535 1.0000 0.0723 0.00329 0,00355 
DH SB ±.0019 ±.0024 ±.0020 ±.0037 ±.0014 ±.0060 ±.0008 ±.00015 ±.G0022 

#22-500 0.2628 98 0.3440 0.3991 1.0238 0.8030 0.1546 1.0000 0.0716 0.00351 0.003G3 
(biotite) ±.0015 ±.0016 ±.0010 ±,0036 ±.0013 ±.0071 ±.0008 :!:.00010 :!:.00013 

Gill 0.4521 22 0.3494 0.4094 1. 0072 0.7951 0.1540 1. 0000 0.0732 0.003fi4 0,00402 

(nephel.in2) :!:,0025 ±.0020 ±.0011 ±.0026 ±.0017 ±.0050 ±.0011 ±.00015 ±.00023 

~14-100 0.3111 184 0.3508 0.4090 1.0259 0.8074 0.1547 1.0000 0.0732 0.00330 0.0(1355 
(biotite) ±.0027 ±.0029 ±.0017 ±,0033 ±.0012 ±.0091 ±,0009 ±.!'!0012 ±,00013 
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\'ihen n is large 

2 a mE~an 

where CJ mean = a / rn 5 

The isotopic composition of the Reunion dunite 

sample is the average of the results of two experiments. 

(3) 

The St. Paul's Rocks NE-4 results are from the second of two 

unirradiated sample experiments. The initial experiment 

indicated a very large fission xenon excess, but very little 

fission xenon was found in an attempt to date this sample 

using a stepwise heating experiment. The isotopic composition 

of sample KA 64-2, agrees within experimental errors with 

results previously obtained in this laboratory (W. B. Clarke, 

private communication). 

The results are consistent with the interpretation 

that, for all samples, th~ xenon is· composed of an atmos

pheric component plus a spontaneous fission component. On 

the basis of the excess 136xe and 134xe it was judged that 

half these samples contained enough excess spontaneous 

fission xenon to make fission xenon dating feasible~ 

KA 64-2 \'lhich sho,vr~d tt .. e largest fission :xenon excess 

(partly due to a sr:tall atmospheric component), Gill nepheline 

which indicated a !'typical excess fission xenon component", 

and St. Paul's Rocks NE-4 were chosen for irradiation and 
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subsequent analysis by stepwise heating experiments to 

determine their fission xenon ages. 

B. Zircons and Sphene Dates. 

1. Sample List 

Table 3 lists the one sphene and four zircon samples 

\<'lhich were dated by the fission xenon method and gives the 

localities from which these samples were obtained. For 

each sample, colmru1s six and seven of this table show respect-

ively the values of the measured integrated neutron flux and 

136 the calculated neut=on fission yield of Xe. Sample dates 

expected on the basis of previous U-Th-Pb and/or Rb-Sr 

analyses, and the uranium contents are given in the last two 

columns. 

2. Sphene Sam~le L-6 

Since the uranium content of sample L-6 was not high 

enough to at·tempt stepwise heating \'lith the amount of sample 

available 6 this sample was dated by a single step heating 

experiment8 The e}tperimental and calculated results are given 

in table 4. The format in which the results are presented in 

this table should be examined closely since it is similar to 

the format used in the later, more complex, tables giving the 

stepwise heating resultso 
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S.nmple Origin 

L-6 (sphene} Western 
Ahaggar 
(Tassend-
janet) 

M 4082 'de stern 
Ahaggar 
(ln Ouzzal) 

K 710 

G 2 Eastern 
Pyrenees 
(Canigou) 

Charnockite Eastern 
Pyrenees 
(L I Agly) 

\'Jeight of 
sample 

(mg •) 

24.60 

12.10 

16.08 

25.62 

57.77 

TABLE 3 

ZIRCON SAMPLES 

Length of 
irradiation 

(hr.) 

10 

10 

10 

3 

3 

Activity 
1% Co-AR. 
(pCi_-qm-1) 

64.24 

45.9 

56.9 

12.43 

16.08 

·-----

Integrated 
neutron flux 
(1016 n-cm-2) 

14.23 

10.17 

12.61 

2.75 

3.56 

yl36 
N 

(percent) 

6.92 

6.83 

6.88 

6.59 

6.60 

Expected 
dates* 
(l09yr.) 

2.1 

2.9-3.3 
2.1 

'\.0 

0.6 

0.3 

0.3 

* Pr.ivate communication, C~ J. All~gre. Also see references Ferrara and Gravelle (1966), All~qre et al. (1972), 

and Allegre and Caby (1972) for the Western Ahaggar data, and Vitrac and Allegre (1971), Vitrac (1972) 0 and 

Vitrac and Allegre (1973) for the Eastern Pyrenees data. 

Uranium 
concen
tration 

(ppm.) 

80 

5000 

soc 

1000 

l,.J 
U1 



The quantities sho\\rn in brackets below the 

measured isoto~ic composition are the neutron fission 

yield corrections (see chapter 3 p8 28)0 As an example 

of their use, the neutron fission yield of 132xe for this 

sample was 0. 611 t.irnes 4., 43% (the mass 132 chain yield 

from table 1) which equals 2 .. 71%. 

The fitte~ isotopic composition is given so that 

the results of the least squares analysis (chapter 3, p. 21; 

appendix IV) can be compared at each isotope with the measured 

isotopic compositione The fitted composition was reconstructed 

from the calculated values of the components in the following 

manner~ for each isotope, multiply N by the neutron fission 

yield, multiply S by the ~pontaneous fission yield, multiply 

~'Airtt by the atmospheric isotope ratio (the values in table 2 

renormalized so that 132xe = 1.000), add the resulting quantit-

ies, and then add the excess if any, to get the reconstructed 

ratio. For this sample the differences between the fitted 

and measured compositions are typical of differences expected 

on the basis of the experimental errors. 

The isotopic composition minus air is the measured 

isotopic composition minus the atmospheric component (as 

. 129 130 deter.m1ned by the Xe and Xe abundances)e Ratios of these 

numbers were used in equation 4 (p~21) to calculate S/N 
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Measured Isotopic 
Composition 

Neut:con Fission 
Yield Corrections 

Fitted Isotopic 
Composition 

Isotopic Composition 
Minus Air 

Least Squares 
Fit Parameters 

Least Squares 
Fit Date 

Dates from 
Paired Ratios 

TABLE 4 

Fission Xenon Age of Sample L-6 

136Xe 134Xe 

1~000 1.070 

1.002 1.072 

0.863 0.908 

N=Oa0827 5=0.0464 
±.0014 ±.0022 

131 
E~cess Xe=0.247 

±.012 

(2.98±0.12)x109yr. 

Isotope 
136 
134 
132 
131 

133 
2.90 
2.87 
3.01 

13.0 

136 

3.01 
3.44 

-22.2 

133Xe 132Xe 

0.3536 0.814 

(0.634) (0.611) 

0.3504 0.808 

0.3536 0.398 

Air=0.4159 
±.0071 

134 132 

3.24 
-5.49 

131Xe 130Xe 

0.674 0.0650 

(0.305) 

0.674 0.0631 

0.346 0.0018 

Xenon was extracted 103.9 hra after the irradiation. The amount of l36xe evolved fr.orn the sample 

between 200°C and 1440°C was 1.3xlo-ll cc STP. 

129Xe 

0.404 

0.409 

-.005 

w 
...J 



values from which the paired isotope dates were 

calculated. The composition minus air also indicates 

the relative abundance of xenon due to fission (85% in 

this case for the isotopes 136xe and 134xe), and hence 

gives some indication of the reliability of paired isotope 

dates as well as ·the least squares fit dates. 

Examination of the paired isotope datest shows 

38 

reasonable agreement among the dates calculated from pairs 

of the isotopes 136xe, 134xe and 132xe. The dates obtained 

from isotope pairs involving 131xe indicate that this sample 

contained excess 131xe* • Thus a four component (N, s, Air, 

and Excess 131xe) least squares fit was used to fit the 

measured isotopic composition. 

t "---" indicates the date v1as the log of a negative number, 

an undefined quantity. 

The 131xe;133xe date is the best indicator since it is 

b 1 h . h 1 1 t . 13lx unreasona y 1g w 1en a samp e con a1.ns e:-ccess e .. 

The analogous indicators are used to show the presence of 

excess 132xe, 134xe, and 136xe. Excess 133xe is indicated 

by low dates. 
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The erro~s in the measured isotopic composition 

of this and the other dated samples can be read off the 

grapht figure 3. The errors in the values of the least 

squares fit parro1eters were calculated from these errors 

by the determinant method developed in appendix IV.. The 

least squares f.i.1: date error was calculated from the 

expression 

( 
2 a~)~ K s 1 as 

( 4) t aT = X" a Ff S/N s2 
+-1 + K N2 

( 235u ) 
A. 

where K a 
0 235 (¢t) ·-

238u As 

and where the other symbols are defined in chapter 2 and 

appendix IV .. 

The fission xenon date of this sample, verified by 

the consistency among the results, is the least squares fit 

date~ 2.98 ± 0 .. 12 by. (billion years). This disagrees with 

the accepted date~, 2.1 by$ for the formation of the Tassendjanet 

complex {All~gre and Caby, 1972). 

t This is an approximation since the covariance of the 

parameters N and S is net taken into accountc Strictly, 

the quantity in the brackets should be a 2 a 2 a S N 2 NS 
s 2 + 7- Si\1 

Since aNS is negative equation 4 underestimates the errors 

(by about 20%) .. 
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3. Zircon Sample 1-1 4082 .. 

Xenon 'VTas ex)cracted from sample r--1 4082 in a 

step\vise heating experiment.. The results of this experiment 

a.nd of the subsequ(=nt calculations are given in table 5 .. 

The errors in the isotopic abundances of the 500°C - 650°C 

temperature step are about three times the errors given by 

figure 3., The 350°C - 500°C temperature fraction was lost. 

The measured isotopic compositions include small 

corrections (~ 1%) for excess 131xe and 132xe associated 

with neutron fission xenon of previous temperature fractions. 

h h d f . . h 0 132 T c met o. o correct1on us1ng t e 2sotope Xe as an 

example is as follows: 

(a) for eaeh temperature step previous to the one 

to be corrected multiply N (the neutron fission component) 

x mass 132 chain y:i..eld x absolu-te amount of 136xe observed 

and sum the resulting quantitieso 

41 

(b) subtract the 132xe neutron fission yield correction 

of the previous step from that of the step to be corrected and 

Mult.iply by the sum. calculated in (a) • 

132 (c) multiply the isotopic abundance of Xe of the 

136 step to be corrected by the absolute amount of Xe of that 

step and subtract from this number the result calculated in (b) .. 

(d) divide the result calculated in (c) by the 
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absolute amount of 136xe of the step to be corrected 

·to obtain the corJ~ected isotopic abundance of 13 2xe. 

All the inotopic compositions of this sample 

were fi·tted to th::ee parameter (N, S, Air) least squares 

fitse This was not valid for the 650°C to 800°C temperature 

fraction for whic>"1 the best estimate of the step date is 

probably 0~5 by., the average of the 136xe;133xe and 

134xe;136xe dates. 

131 132 Diffusion of the precursors of Xe, Xe and 

probably 133xe affected the isotopic compositions of all 

the temperature steps except the last two: This is indicated 

by high 131xe;133xe, high 132xe;133xe, and a tendency for low 

i 133 ~ Xe/ Xe dates as well as by d1fferences, which are larger 

than the errors, between the fitted and measured isotopic 

compositions. Only the date obtained from the 650°C - 800°C 

extraction changed significantly (from 1.78 by. to 1.06 by.) 

when the results were checked by five parameter (i.e. allowing 

for excess 131xe and 132xe) fits. 

A plot o:E the fission xenon age versus the cumulative 

a t f ,.. . . 136 t d . h . f. r. moun a~ :cJ.ss1on Xe ex racte J.s sown J.n 1gure 4. The 

smooth curve in the figure was drawn so that for each temper-

ature step the area under the curve equals the area of the 

corresponding rectangle defined by the age and the amount of 

43 
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f . . 1369 1 d 1ss1on Xe re ease o The following information is 

apparent~ (a) A p):oomin.ent high temperature plateau shows 

an initial sample formation age of 2Q82 ± Oe08 byov This 

is entirely consi:;tent with the Rb~Sr whole rock age 

(Ferrara and Gravelle, 1966) and single zircon analysis 

(Lancelot et alog 1972)o (b) A less prominent plateau 

indicates a zero age consistent with U - Th - Pb analyses 

(Lancelot et al~u 1972)e (c) A possible plateau showing an 

age of Ov6 byv is indicatedo An event of this date has not 

been observed before in the area from which this sample was 

obtained .. 

4o Zircon Sample K 710 

The experimental and calculated results obtained 

from measurements of the abundances of xenon extracted from 

zircon sample K 710 in a stepwise heating experimen,t are 

given in table 6e The errors in the isotopic abundances of 

130xe of the firE:t three temperature fractions are about 

twice those given in figure 3., The larger errors are a result 

f ·d · t' of the 130xe;136xe- rat~os as a o a very rap1 var1a 1on ~ 

function of time. 131 132 . Excess Xe and Xe requ1red five 

parw'Tieter fits to the isotopic compositions of all the 

temperature steps except the last one~ A four ~arameter 

fit was found to be best for the 900°C - 1400°C fractiono 
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The step fission xenon dates are shown in 

figure 5 as a_ function of the cu..mulative amount of 

136xe extracted. The pattern, very high dates obtained 

from the first two temperature fractions followed by three 

dates increasing from a too low to a too high date and then 

a prominent high temperature plateau, should be noted. 

Since the high temperature age, 1.89 ± 0~10 by~, is not 

too different from the whole sample age, 2.,09 ± 0.12 by.,, 

the pattern is typical of that to be expected in a graph 

of fission xenon dates obtained from an undisturbed sample., 

5. Charnockite Zircon Sample 

The info~tation obtained from the charnockite zircon 

sam.ple is presented in table 7s The isotopic compositions 

of the 200°C - 350°C, 500°C - 650°C, and 950°C - 1100°C xenon 

f . l . 1- • d 131 d 132 ract1ons w11C11 conta1ne excess Xe an Xe were 

analyzed by five parameter fits. A three component analysis 

was adequate for each of the remaining compositions. 

The sample age versus the cumulative amount of 136xe 

released is plottE~d in figure 6. Note that, although the 

pattern superficic·.lly follows that of figure 5, there are 

t'V70 differences: (a) the dates obtained from the lower 

temperature steps when compared with the plateau age are 

much higher, (b) the date from the fourth step rather than 

) 
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Figure 6e The fission xenon dates of the Charnockite sample 
versus the cumulat.ive amount of fission l36xe released,. 
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being lov.rer is ·tb.e same as ·that from the fif·th step., 

'"rhe difference be:tween the v.rhole sample age" 0., 589 byo, 

and the high temperature age, Oa353 ± Oe024 bya indicates 

that this is a disturbed sample., The results are in 

agreement with the Rb-Sr (Vitrac and Allegre, 1971) and 

U-Pb (Vitrac, 1972) dates of the charnockite., 

6~ Zircon Sa.mple G 2 

Data obtained from sample G 2 are given in table 8., 

The two lowest temperature steps, 206°c - 350°C and 

350°C - 500°Cf did not contain enough fission xenon to give 

meaningful paired isotope dates., A five parameter fit was 

found to be best for the 350°C - 500°C step., Four parameter 

fits were used for the 200°c - 350°C and 650°C - 800°C 

fractions., The 800°C - 950°c isotopic composition could 

only be fitted if allowance was made for a depletion of the 

133xe abundanceo The depletion of 133xe is manifested by the 

too high ixe;133xe datesQ The other isotopic compositions 

\'!ere fitted \'lith three component least squares f1ts., 

A plot of the sample age versus the cumulative 

t. f 136x 1 d · h · f' 7 amoun o _e re ease ~s s own 1n 1gure ., Except for 

the smaller amount of fission xenon released at low 

·temperatures the pattern is very similar to that shown in 

figure Sv Although the agreement between the high 
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Figure 7~ The Fission Xenon Dates of Sample G 2 Versus the 

Cumulative lli~ount of Fission 136xe Releasede 
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temperature plateau age, Oc434 ± Oo020 by., and the 

~vhole sample data, 0.432 ± 0.031 by., does not indicate 

disturbance, U-Th-Pb dating resulted in discordant ages 

(A.llegre, private communication) ~ 

c. Normal Rock Sample Dates 

Attempts were made to date three rocks of normal 

composition (i .. e e no unusually large uranium concentra·tion) ., 

Of these three sufficient precision was achieved only for 

the carbonatite sample, KA 64 - 2, which contained a 

relatively small atmospheric component. The weight of this 

sample was 1. 276 gm .. , the integra+.:ed neutron flux \'las 

16 -2 136 2 .. 07 x 10 n - en , and the yield Y N used to calculate 

the dates was 6. ~)5%. The results obtained from this sample 

are shown in table 9. No significant amount of fission 

xenon was observed in the 20°C - 200°C fraction. The 

isotopic composit:ions of the 650°C - 800°C and 12S0°C - 1400°C 

xenon was not consistent with the theory on which the least 

squares analysis was based and could not be fitted8 

Figure 8 shows that the neutron fission xenon and spontane-

ous fission xenon released at these temperatures were not 

correlated, while the low 134xe;136xe and 132xe;136xe ratios 

indicate that the spontaneous fission xenon component was 

fractionated .. 
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Figure 9 shows the plot of fission xenon dates 

versus the cumula"cive amount of fission 136xe released .. 

A noticeable difference between this plot and the 

zircon plots is the relatively large amounts of fission 

xenon released a·t lov;er tempera .. cures compared to those 

at high temperaturese 

The two samples \'lhich were not successfully 

dated were St~ Paul's Rocks NE - 4 and Gill nepheline .. 

As mentioned (section A) , a subsequent extraction sho'IJed 

that the St. Pau:~'s Rocks sample contained no significant 

amount of spont.aneous fission xenon., In the case of the. 

nepheline sample although fission xenon was observed the 

amount released '1/Tas too small to warrant a complete analysis. 
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CHAPTER 5 

DISCUSSION 

Ac General Interpretation of the Zircon Data 

In the course of the development of the 

U - Th - Pb dating of zircons it has been shovJn that 

generally uraniun in zircons is distributed uniformly 

and is immobile ~;;o that in most samples discordancy is 

caused by Pb loss (Doe, 1970). An exception to this occurs 

when uranium is ctdded to a zircon during a disturbance in 

which case the additional uranium is concentrated near the 

surface of the zircon, and discordancy is the result of 

both lead loss and uranitun gain (Davis et al. 1968)., 

The fission xenon dating results can be inter

preted in a similar manner, i.e .. mainly in terms of the 

diffusion of fission xenon and its precursors. A further 

aid in interpretation is thnt as a consequence of the high 

uraniUm content of zircon a source of fission xenon other 

than the uranitun in the zircon itself is unlikely.. For 

example, the unlikeliness of extraneous sources plus the 

lov'l mobili 1cy of xenon released at high temperatures led 

to the criterion that for undisturbed zircon the whole 

sample age should equal the high temperature plateau ageo 

Although the whole sanple age appears to be 
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slightly higher than the high temperature plateau age, 

the fission xenon dating results for sample K 710 (figure 5 

and table 6) indicate that it is the least disturbed of the 

t zircon samples The excess spontaneous fission xenon found 

in the lowest t"tt10 temperature fractions of this sample as 

\~ell as the charnocki te sample (figure 7) suggests that 

during a disturbance xenon drifts to less retentive sitese 

A similar effect: can be expected in undisturbed zircons 

as a result of fission track damage but the whole sample 

age and high temperature plateau age should not be signifi-

cantly affected since the amount of xenon involved should 

be much smaller. 

The pattern of dates (samples K 710, G 2 and 

charnockite, figures 5, 6, and 7) obtained from xenon 

evolved between S00°C and 950°C shows a partial breakdown 

in this temperature range of the assumption that the 

spontaneous fission xenon release and neutron fission xenon 

release are correlated. Thus, though the similarity among 

the patterns (note espec~ally figures 5 and 7) allows an 

estimate of the date, as is the case in 40Ar - 39Ar dating 

(Brereton, 1972), infor.mation obtained in this temperature 

t Microscopic examination of the sample also indicated some 
disturbance. About 10% of the zircons showed overgrowth. 
In 5% of the gra.ins with overgrowth the overgrowth is over
growth material (H. P. Schwarcz, private communication). · 
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r-ange should be 1:reated 'V~·i th caut.ion.. Specifically 

it appears that neutron fissicn xenon is released more 

readily than spontaneous fission xenon. Two possible 

explanations are offered. First, the fission tracks 

from neutron induced fission in a sample are very recent 

compared to the spontaneous fission tracks.. Since fission 

track studies (Fleischer et al. 1964) have shown that 

fission tracks anneal with time, the type of site from 

which xenon is released at these temperatures may be more 

retentive for spontaneous fission xenon than neutron 

fission xenono Second, the precursor diffusion mechanism 

(see chapt:.er 3, p e 25) may cause lower temperature release 

. . 131 132 133 of neutron f1ss1on Xe, Xe and Xe. If this is the 

case the intermediate fractions might be interpreted 

precisely by solving the diffusion problem, but this is 

difficult and has not been attempted in this thesis. 

Neutron fission xenon release was found to be 

correlated with spontaneous fission xenon release for all 

four zircon samples, at extraction temperatures greater than 

950°Co For each of the samples charnockite and G 2 this is 

clearly shown by the good agreement among the three highest 

temperature dates (see figures 6 and 7 and tables 7 and B)o 
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For all samples this is indicated by the improved 

agreement among the paired isotope dates (tables 5 to B)o 

BQ The Western Ahaggar Samples, M 4082 and L - 6 

The samples L - 6 and M 4082 carne from the Western 

Ahaggar region in the-central Sahara (see figure 10). 

Interest in this area was stimulated by efforts to delimit 

the eastern boundary of the West African craton (Ferrara 

and Gravellep 1966)~ The geochronology of this area as 

established by the Rb - Sr, K - Ar and U - Th - Pb dating 

methods has been sturumarized by Allegre and Caby (1972). 

Briefly: Primary deposition occurred between 3.3 by. 

and 2.8 by. The Suggarien orogeny affected this area 

between 2e09 by. and 1.96 hy. and was responsible for 

establishing the metamorphic Tassendjanet series and 

metamorphism and granitization in the In Ouzzal formatione 

No important tectono~metamorphic event affected this area 

between le96 bye and 0.64 bye although events at 1.1 by& 

and le3 byo have been dated. The Pharusien orogeny 

(which did not affect the In Ouzzal formation) lasted from 

0~64 byD to 0~58 byo and was followed shortly thereafter by 

the emplacement of the In Zize rhyolites dated at 0.53 bys 

Phenomena of undetermined na.ture and \-'leak in:'censi ty have 
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affected this ar£~a since 0 a 45 by. e 

Sample M 4082 (see figure 4, and t.able 5) was 

extracted from charnockitic paragneiss of the In Ouzzal 

formation and is the first of 3 examples of disturbed 

zircon. Microscopic examination revealed that this 

sample is a mixture of two distinct populations of zirconc 

The zircons of one group are bro-v1n, round, detrital and 

contain black inclusions. The second group consists of 

well crystalized yellow zircons (Lancelot et al&, 1973). 

The high temperature plateau date, 2e82 ± 0.08 by., 

is entirely consistent ~Ti th the Rb - Sr isochron date, 

2 .. 86 by. (Ferrara and Gravelle, 1966} and single zircon 

analysis (Lancelot et al., 1973). Fission xenon dating 

appears to have some advantage over the usual U - Th - Pb 

method since experiments using aggrecates of ~ 10 4 

zircons resulted in a U - Th - Pb date of 2o17 by. 

(Allegre et alo, 1972) which agrees neither with the age 

of metamorphism nor '\.Vi th the age of primary deposition. 

A higher date was obtained by the U - Th - Pb method only 

when the zircons were analyzed in a single grain at a 

i:ime .. 

Fission :'{enon dating of the lovr temperature 

fractions of M 4082 resulted in ~ 0 bye dates (i~e. no 
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significant spontaneous fission xenon component) , in 

marked contrast: with the high dates (excess spontaneous 

fission xenon) obtained at these temperatures from the 

disturbed samples, charnockite and G 2, and sample K 710. 

U - Th - Pb dating of zircon aggregates similarly resulted 

in a zero date intercept with the concordia curve (concordia 

curve: see l"letherill, 1956a and 1956b) while grain by grain 

analysis indicates a recent phenomena (Lancelot et al .. , 1973). 

The cumulative amount of fission xenon released below 

650°C, ~ 10%, represents the largest fraction of fission 

xenon released at low temperatures for the zircon samples. 

The lack of spontaneous fission xenon in the low 

temperature fractions of this sample contrasted with t.he 

excess spontane!OUS fission xenon found in the low temperature 

fractions of the other zircon samples, the relatively large 

amounts of fission xenon released at low temperatures 
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compared to the~ total amount released, as well as large radio

genic lead losses indicated by·U - Th- Pb analyses, 

suggest that the 0 by. disturbed age is the result of 

spontaneous fission xenon loss. The detrital nature of the 

brown population zircons implies an increased number of 

unretentive sites and large diffusion coefficients which 

would facilitate both xenon and lead loss. Assuming 



episodal loss the results indicate a recent alteration. 

On the other hand detrition indicates the possibility 

of coritinuous diffusion losses. If this is the case, 

M 4082 may provide an excellent sample for testing 

continuous diffusion lead loss theories. 

The age plateau'obtained from xenon released 

between 650°C and ll00°C possibly shows a second 

disturbance since the dates from which it was derived 

do not appear to be associated with either the high or 

low temperature plateau dates. But the plateau is not 

well defined and as mentioned previously results obtained 

in this temperature range cannot be interpreted precisely. 

If confirmed, this result might be the first indication 

that the Pharusien orogeny affected the In Ouzzal 

formation. 

The whole sample age, 2.98 ± 0.12 by., of sample 

L - 6 collected from Tassendjan8·t is the only example of 

serious disagreement between the fission xenon dating 

method and the U - Th - Pb and Rb - Sr methods~ The latter 

methods date this complex· at 1~96 by. - 2a09 by. 

Unfortunately the amount of the sample available was too 

small to permit a stepwise heating experiment~ The excellent 

agreement between the least squares fit date and the paired 
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isotope dates (see table 4) indica·tes a valid age 

determinat.:i.on but vJi thout further informa·'cion the dis

crepancy between fission xenon method and the other methods 

must remain unresolvede 

C0 The F.astern ~yrenees Samples, Charnockite and G 2 

In the eastern Pyrenees, each surrounded by 

secondary terrain, the two massifs, Agly and Canigou, are 

sUrface features of older material underlying the Pyrenees. 

Samples from them can thus be used to investigate the geo

chronology of the two major episodes known to have affected 

this area prior to the formation of the present day 

Pyrenees. 

The charnockite zircons were extracted from 

charnocki te grani 1:e (Ansignan granite) from the Agly massif. 

Microscopic examination of the sample revealed clear well 

crystalized zircons. Previous dating of this granite by the 

U - Pb and Rb - Sr techniques gave the following results: 

(a) AU- Pb date of about 0.30 by., based on the 

estimate that a p:Lot of the results from slightly discordant 

zircons (disturbed by the Pyrenees orogeny, 0.11 bye to 

0.045 by.} intercepted the concordia curve at the date given 

.by the concordant age obtained from a sample of monazite 

(Vi trac, 1972)., 
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(b) Rb - Sr analyses of this granite showed 

that the results fitted the 0.580 by. isochron obtained 

f h Rb S 1 f C h k
. . . ·r rom t e - r ana yses o aramany c arnoc 1t1c gne1ss 

(Vitrac and Allegre, 1971). 

Based on the appearance of the zircons, the U - Pb 

results which gave no indication of an earlier event, and 

the uniformity of strontium isotope ratios indicating 

almost complete homogenization, fission xenon dating was 

expected to show an undisturbed age of about 0.3 by. The 

xenon results therefore were somewhat startling. 

Figure 6 shows that the high temperature plateau 

age, 0.353 ± 0.024 by., corresp9nding to the expected 

Hercynien (0.33 by. to 0.28 by.) age, is slightly too high 

and that large amounts of excess spontaneous fission xenon 

were released from the sample at temperatures less than 

950°C. The whole sample age, 0.589 ± 0.049 by. (table 7) 

in fact agrees not with the expected date but with the older 

Rb - Sr isochron age of the charnockite gneiss. 

t The purpose of this was to show that this granite 
was not of juvenile origin but was the result of anatexis 
of the charnockites. The fission xenon dating results 
furnish a direct proof. 
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These results clearly show that the zircons were 

inherited a.nd thu~; they cot1f irrn the indication 

obtained from the Rb - Sr results that the granite is 

not of juvenile origin~ They also show that disturbance 

in this case cauSE!d a redistribution of xenon within the 

zircons, but of greater importance they show that even 

a severe disturbance does ·not necessarily cause complete 

loss of spontaneous fission xenon., In terms of the ability 

of a dating methoci. to see past a metamorphic event these 

results indicate that fission xenon dating is better able 

to do this ·than ot.her methods., 

rrhe resul t.s from zircon sample G 2 were less 

excitinge The zircons were separated from gneiss 

(saJ.uple G 2 J) frc·m the Canigou massif (see figure 11) c 

Microscopic exa~ination revealed that these zircons also 

were clear and well crystalized. Previous dating of 

various gneiss samples from the Canigou massif including 

G 2 J· showed that the results fit a 0.,550 by, Rb ~d Sr 

isochron (Vitrac and Allegre, 1971)., Granite from this 

massif also dated by the Rb - Sr isochron technique was 

found to be 0.,330 ± 0.,010 by, old (Vitrac and All~gre~ 1973)Q 

U - Pb dating of the G 2 zircons showed that they were dis

cordant., Extrapolation of the data resulted in intercepts 
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with the concordi3 curve at 0.29 bye and Oa62 by6 

CPAllegre, priva·te communication). 

Fission X·9non dating of this sample (see 

figure 7 and table 8) resulted in a high temperature 

plateau age of 0.434 ± 0.020 by. and a whole sample age 

of 0., 432 ± 0., 031 :Jy.... This age, intermediate between the 

date of the Precambrian and Hercynien episodes, corresponds 

to the date indicated by the mean position of the zircon 

results on the concordia plot implying that disturbance 

in this case affected the U - Xe and U - Pb systems in a 

similar manner.. ·rhe effect of disturbance on the u - Xe 

system is not clear. Addition of fresh material seems 

unlikely since only a single zircon out of about one 

hundred showed an overgrowth. Xenon loss is also not 

likely because of the exact agreement between the whole 

sample age and tlv~ high temperature plateau age. The inter

mediate age may be the result from a mixed population of 

zircons, but if so the populations are apparently indistin

guishable by microscopic examination. 

D., Normal Rock Samples 

The nepheline results showed that a fission xenon 

date of sufficient precision (error < 10%) can be obtained 
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from this sample provided a 10 gm quantity is usedc 

Unfortunately, the capaci-'cy of the extrac·tion apparatus 

was insufficient at the time of the experiments to handle 

a sample of that size. Figure 12 shows that the amount 

of excess spontaneous fission xenon in this sample is 

about the same as that of ot.her normal uranium content 

rock samples in which spontaneous fission xenon was 

detected. Thus the fission xenon dating method could be 

used to date a large fraction of normal uranium content 

rock samples. It must be cautioned however that this 

involves quantities of fission xenon of the order of 

lo-12 cc STP gm- 1 in the presence of large atmospheric 

components and thus requires instrumentation of the highest 

sensitivity and prec~sion. 

Carbonat.i te KA 6 4-2 was obtained from the Visser 

Kimberlite pipe in Tanganyika. Its chief attraction as far 

as the fission xenon dating method was concerned, was the 

large excess of spontaneous fission xenon observed (see 

taJJle 1) • 

The graph of the age versus the cumulative amount 

O.l..r:: f. . 136 1 d h f 1 6 2 b 1SS10n Xe re ease sows a mean age 0 e ± Oe yG, 

in reasonable agreement with early experiments carried out 

by the author which resulted in a 136xe;129xe versus 
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134xe;129xe isochron age for this sample of lel by&, 

In addition to the fission xenon used to 

obtain this date, large amounts o.f uncorrelated fraction

ated spontaneous fission were released in the 650°C - 800°C 

(corresponding to t.he decomposition of caco3 ) and the 

1250°C - l400°C heating ~tepso At present the ·interpre-

tation is that the uranium in the sample is the.source 

of this spontaneous fission xenone A second unusual 

f t . f h · 1 · 130x 1 · h 1 1 · ea ure o t 1s samp e 1s excess Ae w1~c was c ear y 

present in the high temperature fractions (650°c 1400°C)e 

130 The assumption that the excess Xe is the result of 

double beta decay of 130Te (Tk _= 8 x 10 20yrQ) results in 
2 

a 130xe;129xe versus 131xe ; 129xe isochron date of excess 

11 ± 5 by .... 

Al thoug·h the uraniurn content of this sample, 

2 .. 8 ppm (W .. ~" CL3.rke, private communication), is lo\v enough f 

the unusual nature of this sample makes it unrepresentative 

of a typical normal uranium content sample. The ability of 

the fission xenon method to date normal uraniurn content 

samples is t,herefore better demonstrated by the nepheline 

:t:esults .. 
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E.. Hiscellane·::Yus 

1 o Calibratio:.1 by a Standard of Kno\·ln Age 

In the present work 1% Co - Ai wires ~~re 

used to measure t.he neutron flux '"'i thout a calibration 

by means of a standard of known age~ This method has 

been sho-vrn to be adequate.. However this requires control 

of the irradiation, and familiarity with irradiation 

techniques.. When either of these conditions is not met, 

the 1% Co - At monitors are best calibrated for a 

particular irradiation facility by a sample of known age .. 

Once a facility has been calihrated the neu·tron flux can 

be measured exclusively by the use of 1% Co - Ai flux 

monitors. 

2., Optimization of the Irradiation Time 

By notin9 that K/N in equation ( 4 ), p. 39 is a 

constant it is apparent that the error in a date is 

minimized by min=_mi.zing the quantity. 

2 a. 
s 

:2 
0 

+ 

The results show that the error in the neutron fission 

compor:ent is approximately 2;3 that of ·the spontaneous 
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fission component. Further, it can be reasonably 

:] l 2 , . 1 assumeo t:1at a ~E proport1ona s 
·to 

Y
5 

S + YN N + YA l\ v7here Y
5 

, YN , and YA are respectively 

the sum of the spontaneous fission, neutron fission and 

air yields., The. c'ptimization equation therefore is 

4 
9 [ 

2 ( ~s 5 + 
N 

N 

+ 

In the simplest case, neglecting the air component and 

setting Y = Y~ , iteration shows that the error in a s l\l 

date is minimized by irradiating a sample so that N/S is 

about 1.1 ., 
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CHAPTER 6 

CONCLUSION 

The fission xenon dating method as set out 

in the present work has been shown to be superior to 

other methods in some cases. This was first demonstrated 

by the results o:E sample M 4082, and shown in an impressive 

manner by the charnockite results. In both cases the 

fission xenon dat~~g method extracted in a single experiment 

from a single sample information which had previously re

quired the use of saveral techniques and many samples. 

In this respect, the value of the stepwise degassing 

technique used in conjunction with the new method cannot 

be overemphasized. This was made clear by the results from 

sample L - 6 for which the disagreement between the date 

obtained and the accepted date could not be resolved because 

of a lack of information. 

The use of many isotopes has been shown to have 

advantages: the precision and reliability are increased by 

averaging up to four dates while simultaneously estimating 

the atmospheric correction by as many as six isotopes, the 
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degree of correlittion between the release of neutron 

and spontaneous fission xenon can be assessed from the 

agreement among the paired isotope dates, and the excess 

abundance of an isotop~ is more appa~ent~ But the mass 

spectrometry anE the subsequent analysis are time 

consuming to an extent not always warranted. The measure-

ment of fewer isotopes greatly reduces the effort required 

to date a sample. The results show that amongst the 

simplest versions of the method the highest precision is 

obtained from the triplet 136xe, 133xe and 129xe. 134xe 

can be substituted for either of the fission isotopes in 

the triplet, tltough if substituted for 133xe the precision 

is reduced subGtantially& As an addition to 136xe and 133 xe 

in a three fission isotope method, the choice is between 

134x d 132x e an e. 134xe has the advantage since the 

134xe;133xe and 134xe;136xe dates are respectively more 

precise than the 132xe;133xe and 132xe;136xe dates, 134xe 

next to 136xe is least affected by precursor diffusion, and 

it is an insu::ance isotope because it does not decay and can 

l l t •t t ~ f 133 ( 1 v~ F-4 ~ 2',. 132xe 1e su~s 1 u eu or Xe eegm samp e ~ -

used as a third fission isotope, reduces the error in the 

air component dete~~ination or indicates the severity of 

the precursor diffusion effect. Based on the results, for 
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high uranium cont~en~c samples, the use of 131xe, excep-"c 

when all seven isotopes are used, cannot be recommended 

when the extraction temperatures are less than 1400°C 

since the measurement· of its abundance is too severely 

affected by precursor diffusion~ It is not a useful 

isotope for normal uranium content samples (e~g. 

KA 64 - 2) because it is the product of neutron capture 

by 130Te and 1303a~ The iso~ope, 130xe, ~hould be used 

in addition to 129xe if due to a very high uranium content 11 

neutron fission has occurred in a sample prior to irradiation. 

In the introduction two criteria were set out for 

judging the value of a new techniquef namely, it should 

provide additional infonnation, and it should not be too 

difficult experimentally. The fission xenon dating method 

has been shown to provide extra information by two examples. 

I . 1 . h 136 133x h . h'l ts s1mp e vers1.on, t e Xe e tee n1que, w 1 e 

retaining many of the advantages of the complete method, is 

not difficult experimentally. 
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1\PPENDIX 1 

Flux Depression Correction (Cylindrical Samples) 

z 

1 

SAMPLE 
--·~r 

Neutron flux monitors 

extending the length of a sample 

inherently measure the flux 

averaged over the length 

(2 direction) of the sampleQ In 

the radial direction the solution 

of the neutron diffusion equation 

(Glasstone 1952
8
pol06) yields the 

relation ~ (r) = 91 • I (kr) (see 
m~n. o 

figure) where I is the modified 
0 

Bessel function and k is essentially a scaling factore Using 

the relation 

~ 

) t"Iv-l (t)dt = 

0 

(Abramovli tz 19 6 8) 

the average neutron flux is given by the expression 

2I"' (kz.) 
J. 

~min. ka 

\•.There ka is determined from the eouation 
... . 

I (ka) = P I Yf • o o ro.:tn. 
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Practically Q I
0 

(ka) ma.y be replaced by .lche parabolic 

approximation, 1 + (kv a) 2 , yielding 

(
' 9 ) 2 

W'=l+ .K'. a 
2 91 min. 

where 

"' (k' a)~ = 91
0 

I ffmin. - 1 

For a flux depression as large as 10% this approxi-

mation results in an error of only Oa04% in the average fluxo 
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A., 

a 

APPF.NDIX II 

The Decay Equations and the Decay Chains for Masses 

131, 132 and 133a 

The Decay Equations. 

Summing the formation and decay rates results in 

set of simultaneous differential equations, 

dN
1 

pl Al Nl dt == -

dN 2 
p2 + Al Nl A2 N2 dt = -

dN. 
~ p, + A.. 1 N. 1 A.. N. dt = -J._ J..- J..- J._ ~ 

which describe the rate of change with time of the 

abundances of t::1e members of a radioactive decay chain. 

In this set of equations, 

N. 
J._ 

= number of atoms of the .th 
J._ member 

A.. decay constant of the .th 
member = 1. 

J.. 

p, = 
~ 

production rate of the .th 
1. rnember5 

In the case of the neutron fission of 235u, P. is constant 
l. 

if -'che flux, f5, is constant and is equal to 

02 



vJhere 

YN = th~~ absolute chain yield 

I. = tha fractional ind~pendent yield of the 
~ 

.th b 
1 m.em er 

and 
o235 = neutron fission cross section of 235u. 

The solutions of these equations may be obtained 

either by the method of Bateman (1910) or that described 

by Kaplan (1962)t and result in relations of the form 

Ni = first .term + 

t h . th . . 1 d b ] ._ . l . b 1 . . T e 1 equat.Lon 1s so ve y mu-~1p.y1ng y t1e 1ntegrat1ng 

factor. eA.it9 · .~h t' t f . rearrang1ng c e egua 1on o orm 

A • _._ 
dN. e J_ c 

l 

at == P.eAit 1- ' 
~ - A i-1 N_. 1 

l---

A't e 1 
and 

integrating aft~r substituting for N. ~ the Pxpressi0n found 
1-1. 

for N. 1 by solving for the (i-l)th equation~ 
l.-
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h ) ~ · ' d · +- • ..; Ic the .; th '!.-. • \'l ere a aur~ng :Lrra 1a ..... 1.on ...~.. .,_ memuer 1.s 

b) 

unstable the first term = 

F. = -J 

during 

stable 

(Pl + p2 

.~. 
~ 

(Pl 

0 • • • + 

+ p2 + 

P. 
1 

41 e • e + p.) 
J 

irradiation if the ith 

the first term = 

+ . . . . + p.) t and 
~ 

• ., .. • p.) 
J 

element is 

c) after irradiation (i.e. pl = p2 = ePe~ Pi= = 0) 

let the abundances at the end of an irradiation 

of duration T be N1 (T) , N2 (T) , ..... , N1 {T) , •••• 

(calculated using the above expressions) and let 

t' be the time measured from the end of the 

irradiation (i.e, t' = t- T) .then t' is 

substi t.uted for t, the first term = Ni (T) e -/..it' 

and F . = + N . ( T ) A. •• 
J J J 

In this case the expressions for F. and the first 
J 

term hold \\'hether the i th element is stable or 

unstable. In practice, when a chain contains more 

than t·Ho or three members, the computations should 

be done by compu"'cer, or appropriate approximations 

(e .. g., Hacnamara (1950) or I{atcoff (1953)) made to 

reduce the length of the chaine 
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B.. The Decay Chains for Hasses 131, 132 and 133. 

In the case of fission xenon dating the equations 

given in part A are applied when calculating the fractions 

f th f · · · · . 1~ t 131, 132x ::1 o· e 1ss1on c~a1n y1e us presen as ~e, .et ana 

133xe at the tima of mass spectrometric analysiso The 

information required in the calculations is given in the 

decay chains shown belovr and was gathered from the follo\v-

ing sourcesc 

a) half lives and branching ratios from Lederer (1968) 

b). fractional independent fission yields, I, from 

\"Jahl (1969) 

c) the ratios rc 131mTe)/I( 131Te) = 1.8 and 

133m 133 . I( Te)/I( Te) = 1.55 from Sarant1tes {1965) 

d) the rat:L.o I( 133~<e)/I( 133xe) was assumed to be 1 .. 5 

The decay chains are: 

Mass 13l 

131 

Sn 
1 = 0.39 

Tlh_"" t:.OSS7 

131 
9l.'2% 

Sb ---~ 

I ::0,48tt-G 

Tth. :c:O.It-33 

131m 

Te 
I = 0.0797 

T'h"t~~~ ·~ 
131 ~ 131 

Te I ---t:<> 
I = O.Olt-~3 

Ty2 = o.ttl3s 

I = o.oo1~ 
Ty2 :;;:; 193.2. 

~31 

Xe 
I ::; o 

Ty2= 0('..1 
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Mass I 3 2. 

132 132 132, \32. 13'2 

Sn fp> Sb 't'> Te I Xe 
I = o.3 a = 0 t~6&1 = 0.1.00 ::::; 0.0039 = 0 

Ty:t = o.o3GI Ty2-= o .o3so T~ = 71·7 T~ = 2.26 TYa= o0 

rv1 ass 133 

1331\"1 133m 

Te Xe 
1 = 0.3902 

7 
1 =0-000G 

?! 
Ty~ = c•.833 ~% T~ == Sl.t-.'2.'t 10/ ! 13% 

\33 133 l :33 i33 13~ 

Sb Te I 97. 6,.o Xe Do Cs > 

I = 0 3320 I =0.2518 I = o.02.so 1 =O.OOO!t 

Tya == o.o1 TVa== c1.2.oe3 ~~ =~0.3 T~= t2.6.t.r8 

Complex decay chains are best treated as the sum of 

independent decay chains (for an example see Appendix III) " 

Since only the fractions of the chain yields observed at 

the time of analysis are requiredf the calculations of 

the abundances are normalized so that after an infinite 

decay time the yield of the last., stable i member of a 

chain is unity., 



APPENDIX III 

The 135xe(n,y) 136xe Correction to Y~36 

Neutron capture during irradiation is described 

by differential equations of the form 

~~ = P + A.( 
13 S I ) N { 13 S I ) - AN - cr ,0'N 

for 135xe and l~;SmXe. From this expression it can be 

seen that the nE~utron capture contribution can be 

accounted for by the use of an effective decay constant 

A I A + (j~ and by using the branching fractions A. = I X"' 
for decay to the next member of the decay chain, and 

0~ 136 
~ for neutron capture to Xeo 
A t 

Using the references given in Appendix II and 

the assumptions I < 1351~e) /I <135
xe) = 1. 5, and 

o 135 = 3~6 x 10 6 barns for both 135mxe and 135xe, the 

mass 135 decay chain including neutron capture is 

J = 0.96 

t3srnXe 

l = 0.07,.'1-

__ -x-"-·-·-~ 13GXe 

1 "::: 0 

(l·~lj / T~*"" 
----~ 13Sc5 

(1 - IJ) 
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This chain can be split up into five independent chains 

of which the following three chains contribute to Y136 
N 

1) 135 
I __ ___....,. 135~e ---P> 136Xe 

I= o 1 ::: 0.9 6 1. 0.3 X X 

2) 
1:: 0.96,c.O.!t.,.(l-X),.)' 

3) 
1.,~::: ... ;,)I 

I= 0.'3G>'-0.7,.Y 

'rhe fraction of 

1::: 0.02.'t-xX 

13511)ce 135x __ _..~ .. e ---~ 136Xe 

1 = 0 l:::: O.Ol'br.(I-X))!.)' I= 0.0\G)(.Y 

:? l35Xe [:& 136Xe 

1:.0 I.= 0 

1:he mass 135 chain transformed to 136x .. e is 

calculated using the equations developed in Appendix IIm 

The contribution to Y136 is then this fraction times the 
N 

absolute fission chain yield of the mass 135 chaine 
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1\.PPENDIX lV 

r.Jeast Squares linalysis of an Isotopic Composition 

Let Ri bE! the measured isotopic abundance of 

isotope i , wi be the statistical weight of Ri , and 

V~ ,'1~, ... ,Y~ be the yields of components N, S, ..... ,A" 

Then using the mt~thod of least squares, the minimization of 

the weighted sum of the squares of ·the deviations, 

• ' . . 2. 
M = ~ (R i - ( Y ~ N + 'I~ S + . . . + Y ~ A ) ] W i 

I 

results in the normal equations 

N Z:Y!~ y~ Wj 
I' I yi yi + + A ~y~ Y~ Wi IR·Yi L.J . + . > . S N Wj < o I = I N 1 

i i I i 

N ~ Y! Y~ l:)j .,.,., f' LY~ Y! Wj + + A r_·y~ 'I~ w i = IR, y~ w, ;) .. 
' i i i 

This set of equations may be solved for the components, 

N, S, A, either by the use of determinants or by matrix 

inversiono In the latter case the normal equations are 

expressed as 

Y = C R 
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\tv'here 

1;.'/~Y~wi '['I~ Y~Wj l;_'f~ y~ Wi 
I i I 

y ['I~Y~wi ~ '/; y~ ~i ~y~ y~ Wj 

= I I ' 

~)'~ 'l~wi ~'f~Y!wi ~ )'~ '/~ Wi 
I I I 

N ~ Ri )'~Wj 
I 

c :::::: s R :: r. Ri )'~ Wj 

' 

and the solution is 

C = Y-l R 

where Y-l is the inverse of Y. 

2 If w. = 1/o . , where a. is the standard error in 
l. l. l. 

R. , then Y-l is the variance-covariance matrix and the 
l. 

variances of the components are the diagonal terms of this 

matrix~ 7\lternatively the errors may be calculated from the 

external consis·t.ency of the least squares fit by the relation 

variance-covariance matrix = y-l x2 
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v1here 

N is the number of isotopes used in the fit and f is 

the number of parameters fitted. 

The components may be calculated in an equivalent 

manner using Cramer's Rulec Letting D
0 

= determinant IYj 

, De , • • .. , D1\ be the de·terminants of the matrices 
0 c~ 

formed by substituting R for the first, second, ••• , last 

columns in Y respectively, the values of the components are 

given by the equations 

Using the component, !!, as an example the variances 

of the components are calculated from equations of the form 

a2 = E (()N )2 cr~ 
N i i)R. ~ 

l! 

\vhere ·the variances, a~ , are either known from the isotopic 
.1. 

abundance measurements, or can be estimated from the formula 

0~ 
1 

and where 

2 
-- __1_ 

d f\J 
dR· I 

\". l. 

= 

y;-.J lJj 

-I Y! Wj Do 

I y; w, 

2'1~ )'~Wi 2 'fly~ Wi 
i \ 

2 y~ '/~ u)j ~y~ )'~b)j 
i i 

2_yi ·yi 5 Ab.); .• 2 Yiy~w, 
i i 
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l\s a consequence of the last equation the partial 

as as aA 
derivatives, aR. , aR. , ....... , aR. , may be evaluated 

l 1 1 

by using the f ict. i tious abundances R. = c5 •• , where 
l. ~] 

o .. = 1 if i = j and 6 .. = o if iF j& 
~] 1] 

References: 

Young, chap. 14 and 15 (method of least squares) 

Deming,, pp .. 156-167 (variance-covariance matrix) 

Bevingi:on, pp" 152-154 (variance-covariance matrix) 

Appendix B (matrix inversion) 
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