FISSION XENON DATING



FISSION XENON DATING

by

ALBERT TEITSMA, E.Sc.

A Thesis
Submitted to the School of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree

Doctor of Philosophy

McMaster University

June 1975



DOCTOR OF PHILOSOPHY (1975) McMASTER UNIVERSITY
(Physics) Hamilton, Ontario

TITLE: Fission Xenon Dating

AUTHOR: Albert Teitsma, B.Sc. (McMaster University)

SUPERVISOR: Professor W. B. Clarke

NUMBER OF VPACGES: (xi) 97

f9 49



ABETRACT

A new dating method haé been developed which
uses fission product xenon in a manner similar to
radiogenic argon in the 40Ar - 39Ar method.

-Measurable quantities of spontaneous fission xenon
accumulate 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 amcunt of fission product xenon and the
uranium content. In the new method a sample is irrad-
iated in a therwal neutron flui to implant xenon from
the neutron induced fission of 235U in amounts
proportional to the uranium content. After a short

133Xe has decayed)

cooling period (before radioactive
the sample 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 sensgitivity mass spectro-
meter and the ratio of spontaneous fission xencn to

neutron fission xenon is calculated. Fission xenon ages

for all steps are then calculated from the spontaneous

fn - o



to neutron fission xenon ratios and the measured
integrated neuﬁron 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 guantities. (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 geolegical disturbance has caused loss
of fissicn xenon a valid date can still ke obtained using
the low mobility xencn released at high temperatures.

(d) In some samples disturbed dates as well as initial
formation dates can be measured.

The method was developed and evaluated by a series
cf 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 - b and Rb - Sr methods. Fissicn xenon dating
of these samples provided valuable new geochronological
information. The experiments also showed 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 Becguerel of radioactivity
{(Becquerel, 1896) and a suggestion by Rutherford that the
guantity of helium produced by the alpha decay of uranium
and its daughters could be used to determine the age of
terrestrial rocks (Rutherford, 1906), a variety of radicactive
dating methods have been developed (see Faul, 1966, or
York and Farquhar, 1972). When studying a particular
sample or samples from a limited geographical area any one
of these methods may be found to be deficient in some way.

In fact, the geochronology of a region is usually determined
by a combination of radiocactive dating methods and even then
some uncertainties ﬁay be left unresolved. Thus, provided a
new method can supply extra informaticon and is not tco diffi-
cult experimentally, it can prove to be a valuable addition
to existing dating techniques.

One of the many possible technigques which has
received periodic attention (Butler et al. 1963; Schukoljukov
and Mirkina, 1963) measures the amount‘of fission product
xenon which has accumulated from fhe spontaneous fission of

23 . . s .
‘ 8U and the urenium content of a sample. This information

|



when inserted into the U-Xe age equation (equation 5, p. 7)
vields 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 (1266) developed
a variation of the K-Ar method, the 40Ar - 39A: 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

/39

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

4°Ar - 39Ar technique proved to be inherently better than

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

ratios and younger than 108 years (Dalrymple and Lanphere, 1971).
. In addition to the advantages of precision and

simplicity the 4OAr - 39Ar technigue has the advantage that

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

+For 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 geological events have disturbed a sample
since its initial formation the dates of these disturbances

4OAr/39Ar ratios measured

can sometimes be determined from
in argon released at lower temperatures (Turner et al., 1966).
The U - Xe technigue can be modified in a similar
manner (Teitsma et al., 1974 and 1975) gaining for the new
method, the fission xenon dating method, 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 fissior
spontaneously, either their spontaneous fission half lives
are too long or their abundances'are too small to detect
gsufficient quantities 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, When a sample is irradiated in a thermal neutron

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

238 232

since the fissioning of both J and Th require fast

neutrons (Goldberg et al., 1966).

3 2
2 SU 38

3. The ratio / U is constant in natural

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



4., The isotopic composition of xenon produced
by the neutron induced fission of 235U is distinctly
different from that produced by the spontaneous fission

238U (see table 1).

xenon of

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 1is calculated by inserting the ratio plus the
measured value of the integrated neutron flux into the
fission. xenon ace equation (equation %, p. 9 ).

The most important of the advantages of the fission
xenon dating technique is the ability to use the method in
conjunction with stepwise heating experiments, and the
consequent possibility of measuring disturbed ages as well

as an initial age. In this type of experiment, fission

xenon dating has a further advantage resulting from the



ability to use un 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

40

check on the equivalent assumption in Ay - 39Ar stepwise

40

heating experiments is how well the Ar release is

correlated with the release of 39Ar.

The fission xenon dating technique is obviously
‘suitable for samples which contain moderately high amounts
of uranium. However in order to increase the applicability
and hence usefulness of the method, its development was
aimed at dating samples of normal U content (v 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 cdevelopment both theoretical and experimental

and the results obtained from a variety of samples,



CHAPTER 2
THE AGE EQUATION
2380 is an unstable nucleus with two known modes
of decay, alpha particle emission and spontaneous fission.
While the dating method formulated in this thesis depends
on detecting fission product xenon accumulated from the

238

fission decay mode, the U half life is determined by

the alpha decay mode since alpha particle wiaission occurs

much more frequently than spontaneous fission. Thus the

238

amount of U present at any time, t, is

238, _ .2'38U0 oAt (1)
where
23800 = number of atoms of 238U present at time t=o
Aa = alpha decay constant

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

as _, 238
at = s

S c €& © (2)



By integrating this last equation, and by substituting
for 238UO from equation 1, it follows that the total
number of fissions detectable after a lapse of time, T,

assuming the record has not been altered is
X AT
s=y2 By (e -1 (3)
o

total number of fissions

il

where S

238 238

U = number of atoms of U present at time T

A= sponitaneous fission decay constant

The isotopes of xenon produced as a result of the
fission process are thus present in amounts given by

relations of the form
Xe, = Y. S (4)

whichk become upon substitution from equation (3)

. . A AT
ge, = ¥i 238y £ (¢ ® ) (5)
S [ )\
o
where lXe = number of atoms of lXe accumulated from

£
the fission process
i

YS = spontaneous fission chain yield for mass i



Equatior (5) is the U - Xe age equation. In
deriving it explicit use was made of the assumption
that no significant amount of fission xenon is lost
between the time of the rock formation and the present.
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

35

neutron induced fission of 2 U is given by the equation

235

235 ot U (6)
. . . 235
where 0235 = thermal neutron fission cross section of U

integrated thermal neutron flux

¢t

235U 235

nunber of

U 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

i
XeN

i
where XeN

e

the form

= ¥ N

2

(7)

number of atoms of “Xe accumulated from the

neutron fission process

neutron fission yield of isotope i .



Taking tle ratio of equations 3 and 6, the ratio

of spontaneous fissions to neutron fissions is

258\ A AT
'~y o 235 49

Rearrangement of this relation expresses the age equation

in the more useful form

‘ : 235U la S

where:provided well thermalized neutronsf are used, ¢t, the

ke

P =

>

o

integrated neutron flux, is easily measured using a fiux
monitor (e?g. l% Co - A%) 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 xenon.

T The ratio of the activity induced in cocbalt to

that produced ir cobalt wrapped in cadmium should be 3 15.



CHAPTER 3
EXPERIMENTAL

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 drawing out long capillary tubes from pieces
of 6 mm, OD pyrex tubing. A section of capillary tubing
which appeared uniform in diameter was filled with mercury
and the 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 1073

m&/cm,}. The capillary
tubing was sealed off and sectioned into air samples containing
v o3 ox 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-
eous fission xenon. A number of the samples had already been
crushed and sieved. These were used without further crushing
or sorting. A new crusher was machined for the remaining

samples to minimize possible sources of contamination. After

10
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a samplie had been crushed the crusher was cleaned with

fine emery paper and running water and was dried before

the ne:xt sample was crushed. Sieves were used to sort the
crushed samples into a 24 - 48 mesh fraction, and a < 48
mesh fraction. ALl particles from a previous sampie were
removed from the sieves before the next sample was sieved.
Only the 24 - 48 mesh fractions were used in the experiments.,

3. Rock Samples - Irradiated

Samples from three rock specimens wére irradiated.
One gram quantities of each were placed in evacuated quartz
vials (see figure la). Two 1% Co-AL wires were taped to
cpposite sides of each vial. In'addition, a 1% Co-AL wire was
placed in the centre 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
the two outside wires were averaged, thus correcting for neutron
flux asymmetry. The central wires were used to correct for
neutron flux depression in the samples (see Appendix I for the
flux depression calculation).

4, 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



small (v 20 mg.) they were wrapped in aluminum foil to
facilitate handling. Each of the samples was irradiated
alongside a single 1% Co-Af flux monitor in an evacuated

quartz vial (see figure 1lb).

B, Extraction

1. The Fxtraction Line

The extraction line is shown schematically in
figure 2. The line was divided into two sections. The first
was used for extraction and initial purification, the second
for final purification, for separating xenor from the other
noble gases, and for admitting xenon into the mass spectro-
meter for isotopic analysis. Thé construction of the line
was such that work could proceed simultaneously in both
sections.

The resistance heating furnace capable of heating

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

element surrounded by alumina powder insulation. The temper-
ature inside the furnace was confrolled and measured with a
Bach-Simpson model 5626 indicating temperature controller
which used a Pt - 13% RhPt thermocodple as a heat sensor.
Pu:ification of the gas samples was accomplished by
means of titanium getter pumps. During purification titanium

sponge was slowly coocled from about 800°C to about 100°C

12
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thus removing all but the noble gases,

Gas samples were transferred from the first to the
second section by vondensing on the charcoal trap while it
was held at liguid nitrogen temperature (- 186°C). Xenon
was separated from the other rare gases by warming 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 controcl valves, Vl ’ V2 ’ V3 and V4 , were
stainless steel Nupro modsl SS-4BW-SW bellows valves.
Valve vV, was kept closed except when pumping the line down
from atmospheric pressure. Valve V2 isolated the two sections
of the line from each other. Vaive v3 opened to a high vacuum
pump consisting of a liquid nitrogen trap in series with a
mercury diffusion pump. Access to the mags spectrometer was
controlled by valve V4.

2. Single Heating Step Extractions

Xenon was released from the unirradiated rock samples
and the sphene sanple in & singlé heating step. A sample of
either type from which xénon 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 was maintained for one hour and the gases thus

14
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evolved from the sample were pumped away. The sample line
was then flamed to remove adsorbed gases, particularly
xXenon.

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 was flamed briefly to ensure complete collection of the
xenon. Upon completion of the transfer, the second section
of the line was isolated by closing valves V2, V3, and V4
and xenon was separated from the other rare gases which were
pumped away by opening valve Va for several minutes. The
remaining gas sample was purified a second time and was then
expanded into the mass spectrometer for isotopic analysis
of the xenon.

3. Stepwise Heating Ixperiments

Xenon was extracted from the three irradiated rock
samples and the four samples of zircon by heating from 200°¢
to 1400°C in a series of eight temperature steps. As in the
single step heating experiments, gases evolved by heating the
sariples 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. The Mass Spactrometex

. , . o)
The isotopic abundances were measured with a 290

sector, 10 inch radius, direction focusing mass spectro-
meter. The resolution of this instrument, 1 : 625, was
sufficient to separate xencn from the isobaric hydro-
carbons, Makimum Senéitivity was 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 conditicns the spectrométer is capable of detecting
approximately 5000 atoms of a rare gas isotopeo

Samples were ionized and the resulting ions were
accelerated by a Nier type ion source (Nier, 1947). The ion
detector was a Johnston Laboratories MM-1 ‘particle multiplier
with a gain of ~ 105. The signal from ﬁhe multiplier was
amplified by a Cary model 401 vibrating reed amplifier and
the output of the amplifier was recorded on a Hewlett-
Packard meodel 680 strip chart recorder;

The pumping system consisted of a mercury diffusion
pump and a Varian model 911 - 5021 ion pump connected to a

pumping manifold by one inch Granville~Phillips ultra high
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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 sﬁrip 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 were dated.

The height of each xenon peak was measured by ruler, and
the times at which the peaks were reco¥ded were read off tﬁe
chart.

Due to the ion pumping aciion of the spectrometer
during static analysis the sample was depleted rapidly in the
course of a measuremént (v 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 polynpmial least squares fit (see
Bevington, 1269). The pgak height of a second isotcpe
recorded at a time t, was then divided by the peak height of
the normalization isotope at time f, to determine the isotope
ratio of the second isctope at time t.

Both depletion of the sample and memory from previous

samples cause variation of the observed isotope ratios with



time. When feasible the ratios were extrapolated by a
linear least sguaresfit to the time at which the sample
was admitted to the mass spectrometer. V¥hen the variation
was not linear the extrapolation was done by a polynomial
fit. In the latter case the fit was checked by plotting.

3. Calibration (Mass 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
xXenon (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 xénon extracted from a sample
could be determined by peak height comparison.

The terms “isotopic composition", "isotopic abundance®,
and "isotopic ratio" when used in the remainder of the thesis,
refer to the extrapolated ratios corrected for instrumental

discrimination.

D. Flux Measurements

1. Flux Monitor Gamma Ray Counting
60

The gamma ray activity of Co in each 1% Co - AR flux
monitor was measured relative to a similarly shaped Co - AR

standard of precisely known activity. To reduce the

18
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24

interfering activity of Na(T 15 hours), formed in

1/2 =
. 27. 24 .

the reaction Af{n,y)” 'Na, 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 éctivity of the monitor

and its cobalt content into the expression

ot = activity
N o A
Co "Co "Co
where NCo = number of atoms of 5900
GCO = neutron capture cross section of 59Co
ACo = decay constant of 60Co.

The value of the cobalt créss 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 récent measurement of
37.15 +* 0.08 barns (Dilg, 1973). The errors in the flux

measurements are estimated to be less than 1.5%.



FE. Calculation of the Fissicn Xenon Ages

1. Dates Calculated from Paired Isotopes

Of the two methods available for determining 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

129 130

method, the isotopes Xe and Xe which are not produced

in significant guantities in the fission process are used to
determine the size of the atmospheric component in a measured

isotopic composition by calculating the hest estimate of the

° . . . . . .
12'Xe isotope ratio relative to the normali.ation isotope.

This ratio times the isotopic composition of atmospheric

129Xe = 1.000) is sub-

Xenon as given in table 2 (i.e..with
tracted from the measured composition. The remaining, fissicn
xenon isotopic composition, is then assumed for the purpose cof
the calculations to be due to xenon obtained from fission of

238 235

U and U nuclei.

Expressing the amount of 1xe (fission) as

lxe (fission) = N Y;; + S YJS‘ . (2)

where : i
absolute neutron fission yield of "Xe

o]
Hi

absolute spontaneous fission yield of 1xe

o]
i

N is proportional to the number of neutron fissions

S is proportional to the number of spontaneous fissions,



the fission xenon isotope ratio of a given pair of
isotopes can be expressed as

i Fad i
(NYN'FbY‘)

' = R,. = : ; (3)
Jxe (fission) 13 (N Y% + S Y%)

Ixe (fission)

This equation when rearranged shows that the ratio of
the number of neuvtron fissions to the number of spontane-

ous fissions as measured by this pair of isotopes is

i _ j
Yy = Ry Yy )
7= ] _ 1 ‘
(Rg; Y3 - ¥p)

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 measured
isotopic composition into the fission xenon age equation
(equation (9) p. 9 ) resulted in ten dates, although it
must be pointed cut that the ten dates thus obtained
represent only fcur independent age determinations.

2. Least Squares Fit Dates

I,east squares analysis of the isotopic abundances
is a second method for determining the fission xenon dates

of a sample., Ideally, a measured isotopic composition is

21



the sum of three components, a neutron fission component,

M, a spontaneous fission component, 5, and an atmospheric
i
S
yields of the components indicated by the subscripts, the

component, A. FHence, letting Yé , Y. , and Y; he the

isotopic abundarnce of isotope, i, is the sum

i - | i i '
Xe = YN N + YS S + YA A (5)

Since 'Xe can not be measured exactly in practice there is

a difference,

_ i - i i i
di = "Xe (measured) (YN N + YS s + YA A)» (6)

between the measurad value of iXé 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

sguares of the deviations,

M=1I [lXe (measured) - (Y§ N + Y;S + Y; A)] 2 (7)
3 .

The method of least squares consists of minimizing
this sum with respect to the components, N, S, and A (i.e.
setting each of the partial derivatives,%% , %%-, and %% ’

equal to zero). Tre three normal equations which result

22



from this procedure are then solved for the hest estimate
of the values of N, S8, and A, If in the above egquation

the absolute fission yields are used for the Y§ and the Yé
then the ratio, /8, equals the number of neutron fissions
divided by the numbers of spontaneous fissions and hence
substituting this ratio into the fission xenon age eqguation
(equation 9, p. 9 ) determines the fission xenon date.

Two methods for solving the normal eguations for an
arbitrary number of components are given in Appendix IV.

In this appendix the symbol R, is used in the place of iXe
and for the sake of completeness the theory is developed

for cases where the errors (ci)' or at least the relative
weights ws {(proportional to l/ci), of the isotope ratios are
known.

In this work,.unweighted (wi = 1) fits were used to
determine the least sguares fit dates. The constant numerical
values required in order to calculate these dates and the
dates determined from paired isotopes, can be found in table 1.
The values for the yields‘Y$36, Y§33, Y§32 and Y§31 needed
modification before they could be used in the calculations.
These modifiéations are described in the next section (F)

and the modified values or the'required correction factors



TARLE I

Values Used in the Calculation of Fission Xenon Ages

’1'1/,2 (s} 2380 spontaneous fission (8.0420.28)x1015yr. (Segre 1951)
T1/2 (a) 238y 4 - decay 4.51x109yr. (Lederer 1968)
Ty /2 (Co) 0¢o B~decay 5.263:,003 yr. {(Gorbics 1963)
9535 2350 neutron fission 563.7 barns (Critoph 1964)
- Oprg 6DCo neutron capture 39.2 barns (Westcott 1962)
935 135Xe neutron capture (3.6:0.4)x106 barns (Goldbherg 1966)

Y,PG (6.33+40.22£0,13) %

v2?®  (6.5620.13) %

v 3 (8.13£0.16) %

133 (Wahl 1969

i (6.7020.13) 3 or Farrar 1962)

% (4.43:0.09) 3

leln (2.970.06) 3

Yézg (0.6440,04) %

vy 26 (6.30%,38) 3

134

Yo (5.14%,31) % {Young 1960)

Yén (3.63¢,22) 3

i3t (0.52420,031) 3
235y 4 238 7.248%1073
59 {Lederer 1968)

Co mass 58.93 amu

Avrogadro's number

6.02252(9)x10°

3

atoms/gm.mole




are given in chepter 4.

3. Complications Affecting 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 & sample,of l_31Xe which is the end product

2
130 1_:0Ba

of neutron capture reactions on the nuclei Te and

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

131Xe is usually

the effect on the isotopic abundance of
significant.

A more subtle and impoftant complidation is the
preferential diffusion of the precursors of fission product
xenon. This is known to enhance the isotopic abundances of
xenon isotopes with 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 sericusly

131 131m

affected are Xe (the'half life of Te = 30.0 hours

1311 = 8.05 days) and to a lesser extent

132T

and that of

132

Xe (the half life of e = 77.7 hours). When preceferential

precursor diffusion is particularly pronounced other isotopes
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can also be affected.

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 sguares fits.

Convincing evidence for the complications
discussed thus far was found in the present work. But,
there are further possible complications which can effect
fission xenon dating experiments.

When xenon is extracted from a sample by stepwise

1311 and 132Te, have

completely decayed, some of the_l3lXe and 132

heating before the precursors,:
Xe collected
from each temperature step except the first is associated
with the neutron fission xenon of the previous temperature
fractions. If a 1ar§e amount of neutron fission xenon is
extracted from the sample in the 1owest‘temperature steps,
or if the time lapse between successive steps is long, the

131 132

amounts of excess Xe and Xe from this source becomne

significant, and the excess must be subtracted from the
measured isotopic composition {see chapter 4, p. 41).

In very righ uranium conteﬁt minerals such as
uranium ores, neutrons which are a by-product of spontaneous

235 238

fission can be ceptured by U and U (Young and Thode, 1960).



A correction (Shukoljukov et al., 1974} must be made for

the resulting neui:ron fission product xenon. Since in

this case the decay of the long lived isctope 129I

= 1.7 x 107 vears) can not be neglected, neutron

9
128Te can also cause enhancement of the 12'Xe

(Ty /2
capture by

isotope abundance.,

130

The isotopic abundance of ¥e in samples which

contain only small amounts of atmospheric xenon can be

130

enhanced by the double beta decay of Te (Inghram and

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

130pa could also contribute to the abundance of >Oxe

through the same process. Double beta decay as it affects

the other even mass xXenon 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. €£o far this effect has proved

negligible.

Other complications such as contribution from the
244 ‘

fissioning of extinct Pu or a primordial xenon component

would only occur in samples of a highly unusual nature.

27
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F. NMeutron Fission Yield Corrections

133 132
N N

131

1. Decay Corrections to the Yields Y , and YN

Among the fission xenon isotopes whose abundances

1
were measured 33

Xe is unique since it is a radioactive
(T1/2 = 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
isotepic composition. Furthérmore, in order to observe

133Xe +he measurements must be made before the precursors

of 132 131

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 II.
The quantities which were calculated and which are given as
correction factors in the results were the fractions of the
absolute neutron fission chaiﬁ 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 secition #2 of the sample line. The calculations

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

- which were present at the end of an irradiation and which



would contribute <o the neutron fission yields of the
xenon isotopes under discussion were calculated. Then
the values of these abundances were used in the second
step to calculate the neutron fission yields ét the time
of transfer. A small additional correction required to

l33Xe between the time of transferxr

account for the decay of
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%.

136
N

135 5

2. The Xe(n,Y)13 ¥e Correction to the Yield ¥

135

Since ¥e has an extremely large neutron capture

. 6 . . . .
cross gection, 3.6 x 10  barns, during an irradiation a

significant, amocunt of 136 135

135 136X

Xe is produced from Xe by the

reaction Xe(n,v) e. This effectively increases the

neutron fission yield of 136Xe. Details needed to calculate

136

the increase in the yield, YN

, are given in Appendix III.

G. Whole Sample Isotopic Abundances

Wheﬁ appropriate, a whole sample xenon isotopic
composition was calculated for a sample from which xenon was
extracted by stepwise heating. The isotopic composition of
each step was multiplied by the absolute amount of xenon

collected from it. The whole sample isotopic abundance of

29



each individual :isotope 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 sample
fission xenon dates were calculated by multiplying the
neutron fission yields for each step by the amount of
neutron fission xencen found in it, summing the results for
each yield, and fividing by the total smount of neutron

fission xenon.

30



CHAPTER 4
RESULTS
A. Unirradiated Samples.

The results 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
one standard deviation of the mean. For 132Xe which origin-
ally was the normalization isotope the error was calculated

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

plotted curve of peak height versus time using the formula

G = };[}pk. ht. (measureg)“—épk. ht. (graph))z:]% )

where n = number of peak height measurements.
Using the same method to calculate o, the errors of

the remaining isotope ratios were calculated from the relation

40 (1 + i}--) |
ol = L (2)
R n-1

which can be derived from the error formula 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

(1?%%e = 1.000)
Sample Weight 129Xe 136Xe 134Xe 132X@ 1312e 13OXe 129Xe 128Xe IZGXe 124Xe
in gm. 10-12¢c,
Air (Nier 1950} 0.3355 0.3949 1.0170 0.3011 0.1543 1.0060 6.0726 0.0034% 0,00363
KA-64-2 0.5034 8.1 0.5028 0,3313 1.119%6 0.8206 0.1542 1.0000 - . -
{carbLonatite) +.0018 +.0018 +.0021 £,0020 £,0013 £.0034
€t., Taul's Rocks 0.5161 20 0.3511 ¢.4019 1.0187 0.7960 0,15%2 1.0000 6.0743
Ig=a0n +.0021 +.0022 +.,0019 +,0028 *,0013 +.0033 +,0017
St. Paul's Rocks 0.50603 80 0.3367 0.3956 1.0154 0.7902 0.1515 1.0000 0.0706 0.00380 0.90390
SE-13 . +,0022 +.0017 +.0020 +,.0024 +,0012 *+,0047 +,0011 +,00028 *,00019
St. Paul's Rocks 0.5004 55 0.3445 0.3989 1.0159 0.7978 0.1545 1.0000 0.n750 - 0.00346
SF-31 +.0017 +.0026 +,0015 +,0051 £.0016 +,0033 +,0015 +,00023
St. Paul's Rocks 0,500 18 0.3383 0.3906 1.0251 0.8130 0.1603 1.0000 - - -
NE-4 +,0037 +,0045 +,0052 +,0078 +.0046 +,0090
Hualalai 0.4868 125 0.3329 0.3949° 1,0243 0.8035 0.1541 1.0000 0.0732 0.00362 0.00367
(dunite) +,0013 +,0023 - +,0013 +.0027 £,0010 +,0035 +.0012 +.00023 +,00015
Reunion 0.5022 110 0.3379 0.3930 1.,0173 0.7974 0.1520 1.0000 0.0719 0,00314 n.00343
(dunite) +,0018 +,0029 +,0013 +,0039 +,0009 +,0071 +,0007 $.00028 +.00025
Anjouan 0.5499 115 0.3370 0.3996 1.0140 0.8054 0.1535 1.0000 0.0725 0.00335 0.00361
¢« (dunite) EN 237 +,0023 +,0019 +,0020 +,0043 £,0013 +£.0062 +,0010 +.00019 £,00009
Azores 0.5239 143 . 0.3471 0.4050 1.0312 0.8091 0,1543 1.0000 0.0723 £.00334 0.00359
{dunite) AZ 175 £,0022 +,0026 +,6C27 +,0051 +.0012 +.0091 +.,0008 £.00013 £,00006
Dish Hill 0.5048 48 0.339%5 0.3939 1.0275 0,7985 0,1535 1.0000 0.,0723 0.00329 0.00355
DH 538 +,0019 +,0624 +,0020 +.,0037 +,0014 +,0060 +.,0008 +.00015 +,60022
#22-500 0.2628 28 0.3440 0.3991 1,0238 0.8030 0,1546 1.0000 0.0716 0.00351 0.00363
(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 n.00364 0.00402
{nephelinz) +,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,.00355
(biotite} +,0027 +.,0029 +,0017 +,0033 +.0012 +,0091 +,000%9 $.00012 $,00013

L



When n is large

On ¥ 2 o mean , ) (3;

where 0 mean = o / vn .

The isotopic composition of the Reunion dunite
sample is the average of the results of two experiments.
The St. Paul's Rocks NE-4 results are from the second of two
unirradiated sample experiments. The initial experiment
indicated a vexry large fission xenon excess, but very little
fiesion xenon was found in an attempt to date this sample
using a stepwise heating experiment. The isctopic 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, th2 xenon is composed of an atmos-
pheric component plus a spontansous fission component. On

lJGXe and 134

the basis of the excess Xe it was judged that
half these samples contained enough excess spontaneous
fission xencn to make fission xenon dating feasible.

¥A 64~2 which showed the largest fission xenon excess

{(partly due to a snall atmospheric componesnt), 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 sampies
which were dated by the fission xenon method and gives the
localities from which these samplgs were obtained. For
each sample, columns six and seven of this table show respect-
ively the values of the measured integrated neutxon flux and
the calculated neuv:rnn fission yield of 136Xe. Sample dates
expected on the basis of previous ﬁ—Tthb and/or Rb-Sr
analyses, and the uranium contenfs are given in the last two

columns.

2. Sphene Sample 1.-6

Since the uranium content of sample L-6 was not high
enough to attempt stepwise heating with the amount of sample
available, this sample was dated by a single step heating
experiment, The experimental ané calculated results are given
in table 4. The format iﬁ which the results are presented in
this table should be examined closeiy since it is similar to
the format used in the later, more complex, tables giving the

stepwise heating results.



TABLE 3

ZIRCON SAMPLES

Y136

Sample Crigin ‘eight of Length of Aetivity Integrated Expected Uranium
sample irradiation 1% Co-AR neutron flux N dates” concern~
(mg.) (hr.) (uCi~-gn-1y {1016 p-cm=2) {percent) (10%yr.) tration
) (ppm. }
L-6 (sphene) Western 24.60 10 64.24 14.23 6.92 2.1 80
Ahaggar
(Tassend-
janet)
M 4082 Western 12.10 10 45.9 10.17 6.83 2.9-3.3 5000
Ahaggar 2,1
(1n Ouzzal) ~0
X 710 16.08 10 56.9 12,61 6.88
G 2 Eastern 25.62 3 12.43 2.75 €.59 0.6 50C
Pyrenees -
{Canigou) 0.3
Charnockite Eastern 57.77 3 16.08 3.56 6.60 0.3 1000
Pyrenees :
(L'Agly)

&
Private communication, C. J. Alldgre.

Also see references Ferrara and Gravelle (1966), Allégre et al. (1972},

and All2dgre and Caby (1972) for the Western Ahaggar data, and Vitrac and Allégre (1971), Vitrac (1272), and
Vitrac and Alldgre (1973) for the Eastern Pyrenees data.



36

The guantities shown in brackets below the
measured isotopic composition are the neutron fission
yield corrections (see chapter 3 p. 28). As an example

132Xe for this

of their use, the neutron fission yield of
sample was 0,611 times 4.43% (the mass 132 chain yield
from table 1) which eqdals 2.71%. ‘

The fittec isotopic composition is given so that
the results of the least squafes analysis {(chapter 3, p. 21;
appendix IV) can be compared at each isotope with the measured
isotopic compositione' The fifted 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 spontanéous fission yield, multiply
*Air" by the atmospheric isotope ratio (the values in table 2

renormalized so that 132

Xe = 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 experimentalverrors.

The isotopic combosition minus air is the measuréd
isotopic composition minus the atmospheric component (as

129 130

determined by the Xe and Xe abundances). Ratios of these

nunbers were used in equation 4 (p.21) to calculate S/N



TABLE 4
Fission Xenon Age of Sample L-6

20
136Xe 134Xe 133Xe 132Xe 131Xe 130Xe 129,
Measured Isotopic
Composition 1,000 1.070 0.3536 0.814 0.674 0.0650 0.404
Neutron Fission
Yield Corrections (0.634) (0.611) (0.305)
Fitted Isotopic
Composition 1.002 1.072 0.3504 0.808 0.674 0.0631 0.409
Isotopic Composition
Minus Air 0.863 0.908 0.3536 0.398 0.346 0.0018 -.005
Least Squares N=0,0827 $=0.0464 Air=0.4159
Fit Parameters +.0014 +,0022 . +,0071
Excess 13IXe=0.247
+.012
L.east Squares (2.98:0.12)x109yr.
Fit Date
Dates from Isotope 133 136 134 132
Paired Ratios 136 2.90
134 2.87 3.01
132 3.01 3.44 3.24
131 13.0 =-22.2 cese =5.49

Xenon was extracted 103.9 hr. after the irradiation. The amount of 136Xe evolved from the sample
between 200°C and 1440°C was 1.3x10711 cc sTP.
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valuee from which the paired isotope dates were
calculated. The composition minus air also indicates

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

136 134

this case for the isotopes ¥Xe and Xe), and hence

gives some indication of the reliability of paired isotope
dates as well as the least squéres fit dates.

Examination of the paired isotope dates+ shows
reasonable agreement among the dates calculated from pairs

J'36}(e, 134Xe and 132Xe. The dates obtained

131

of the isotopes

from isotope pairs involving ¥Xe indicate that this sample

*
1.31x€

contained excess . Thus a four component (N, S, Air,

131

and Excess Xe) least squares fit was used to fit the

measured isotopic composition.

T indicates the date was the log of a negative number,
an undefined quantity.

%
The 131Xe/133}{e date is the best indicator since it is
unreasonably high when a sample contains excess 131Xao

The analogous indicators are used to show the presence of

132 134x 136 133

excess Xe, e, and Xe. Excess Xe is indicated

by low dates.
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The errorrs in the measured isotopic composition
of this and the other dated samples can be read off the
graph, figure 3. The errors in the values of the least
squares fit paraneters were calculated from these errors
by the determinant method developed in appendix IV. The

least squares fif: date error was calculated from the

expression
2 2 4
T Aa N 1l 4+ XK S/N SZ N2
where K = Eiig iﬁ o (ot)
238U AS 235

and where the other symbols are defined in chapter 2 and
appendix IV. |

The fission xenon date of this sample, verified by
the consistency emong the results, is the least squares fit
date, 2.98 * 0.1Z by. (billion years). This disagrees with
the accepted date, 2.1 by. for the formation of the Tassendjanet

complex (Allegre and Caby, 1972).

This is an approximation since the covariance of the

parameters N and S is nct *taken into account. Strictly,

the guantity in the brackets should be oqz 0N2 50ys  *
' =t g - Ng
S N 5
Since 0,. is negative equation 4 underestimates the errors

NS
(by about 20%).
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3. Zircon Sample M 4082,

Xenon was extracted from sample M 4082 in a
stepwise heating experiment. The results of this experiment
and of the subsequent 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°% temperature fraction was lost.

The measured isotopic compositions include small

131 132

. < .
corrections (~ 1%) for excess ¥Xe and Xe associliated

with neutron fission xenon of previous temperature fractions.

The method of correction using the isotope l3zXe as an

example is as follows:
{a) for each temperaturé step previous to the one

to be corrected multiply N (the neutron fission component)

136

x mass 132 chain yield x absolute amount of Xe observed

and sum the resulting quantities.

132

(b) subtract the Xe neutron fission yield correction

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

maltiply by the sum calculated in (a).

132,

(c} multiply the isotopic abundance of Xe of the

136Xe of that

step t0 be corrected by the absolute amount of
step and subtract from this number the result calculated in (b)a

(di divide the result calculated in (c) by the



TABLY 3

FISSIH XEHGN DATES: SAMPLE MA0R2
Date 136,
- - DATES FROM PAIRED ILOTOPES
(x10%yr.) (x10"ee) 136, 134y 1330 122 131, 136, %%
200%c - 350% TempeTatyre Step: Ewcracted 26 18 hy, after irradiavion
Measured Isotopic
Composition 1.000 1,183 0.516 l.070 0.753 G¢.1192 0.770 ISOTOPE 133 136 134 132
Weutron Fission 136 - .264
¥ield Correction {0.676) (0.545)  (0.2508) '
~0.26£0,15 1.50 134 - ,380 =~ .019
Fitted Isctopic
Composition 0.9%8 1.199 0.508 1.061 0.723 6.1231 G.798 132 127 .857
. -5.34 -1.¢8
Isotopic Comp. 131 2.99 5 1.¢
Minus Air 0.742 0.884 0.51¢€ 0.287 8,136 0.0004 ¢.000
Least Squares Fit Parameters N=0,1125 5=-.0060 Air=0.812
so0‘c - £50°C Temperature Step: Extracted 92.40 hr, afver irradiation
Maasured Isotopic
Compositicn 1.000 1.082 0.441 1.230 0.944 0.2 0.810 ISOTOPE[ 133 136 132 132
Neutron Fission
Yield Correction (0.663) (0.569) (0.2767) 136 - .101
0.0320.30 1.02 134 ~1.15 2.66
Fitted Isotopic
Composition 0.973 1.153 0.390 1.193 0.826 0.144 0.932 132 1.44 14.3 5.38
Isotopic Comp. 131 B.46 -B.06 ———— 2,84
Minus Air 0.7:28 0.762 0.441 0.406 0.295 0.000
Least Squares Fit Parameters n=0.0962 5=0.00086 Air=0.9%48
650°C - 800°C Temperature Step: Extracted 179.74 hr, after irradiation
Measured Isotopic
Compnsition 1,010 1.091 0.2853 1.312 0.776 0.0985 0.677 XSGTOPEI 133 136 134 132
Neutron Fission
Yield Correction (0.436)  (0.502) {0,470} 136 2791
1.78£0.20 i.1le 134 .233 2.19
(%0,5)
Fitted Isotopic
Camposition 1.027 1.128 0.2359 1.201 0,753 7.1199 0.777 132 2.98 — ———
Isotopic Comp. 1 1574 -2,89 -8.34 362
Minus Air 0.773 0.824 0.2853 0.624 9.234 ~0.0059 0.000
Least Squares Fit Parameters N=0.0806 5=0.0343 Air=0.790
800°¢ - 959°C Temperature Step: Extracted 182,56 hr, after irradiation
Meusured Isotopic
Composition l.000 l.144 0.3791 0.8677 0.3067 0.0166 0.0849 ISDTOPE' 133 136 1M 132
Neutren Fission
Yield Correction (0.432) (0.807) (0.475) 136 .415
0.59:0.08 1.97 134 .292 712
Fitted Isotopic
Composition 1.009 1.162 0.3645 0.640 0.2824 0.0195 9.1267 132 1.11 oo 3.12
-1. -3.6 -.183
Isotopic Comp. 131 2.94 1.40 31.65
Minus Air 0.972 1.111 0.3791 0.590 0.2387 0.0035 0.0600
Least Sguares Fit Parameters N=0.1264 S=0.0163 Air=0.1288
950°c - 1100°% Temperature Step: Extracted 186.15 hr. after irradiation
Measured Isotopic
Cemposition 1.000 1.116 0.3505 0.605 0.2266 0.0024 0.0154 1SOTOPE 133 136 134 132
Neutren Fission
Yield Correction (0.424)  (0.813)  (0.482) 136 -858
1.0620,27 2.54 134 .731 1.19
Fitted Isotopic
fomposition 1.006 1.130 0.3263 0.535 ©.2193 0.0066 0.0429 132 1.37 ———- 3.00
Isotopic Comp. 131 | 2,20 - .238 -1.62 689
Minus Air 0.895 1.110 6.3505 0.589 0.2143 0.0000 0.0000
Least Squares Fit Parameters N=0.11B9 S=0.0285 Air=0.4359
1100% - 1250% Temperature Step: Extracted 189.53 hr. after irradiation
Measured Isotopic
Conposition 1.000 1.050 0.2504 0.551 0.1716 e 0.0062 LSOTOFE | 133 136 134 132
Neutron Fission
Yield Correction (0.436)  (0.819) (0,488} 135} 2.€3
2.58£0.08 8.81 134 2.65 2.57
Fitted Isotopic
Tomposition 1.c00 1.049 0.2527 0.553 0.1683 n.0010 N.0065 132 2.60 2.05 2.47
feotopic Camp. 131 | 292 2.34 2.15 2.31
Minus Pir 0.998 1.047 0.2504 0.545 0.1667 -——— ¢.G000
Least Squares Fit Parameters N=0.0909 5=0.7597 Air=0.0066
1250% - 1400°C Temperature Step: Extracted 192.29 hr. after irradiation
Measured Isotopic
Cocmposition 1.c00 1.029 0.2388 0.550 0.1615 0.0632 ISOTOPE{ 133 136 134 132
Newcron Fission 128 1 2,82 -
. Yield Corvection (0.419) (0.823} ({0.453) - *
2.82:0,9% 2.80 132 2.82 2.64
Fitted Isotopic @
Camposicion 0.999 1.028 0.23689 0.552 0.1p22 0.0002 D.0012 132 2.79 2,02 2.69
Isotopic Camp. 131 | 2,67 2.99 . 2.90
Minus Air n.909 1,037 0.2388 0.547 ¢.1590 -——— 09,0000
Least Sguares Fit Paramaters H=0.0873 $e0.0623 Rir=0.0012
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136Xe of the step to be corrected

132Xe

absnlute amount of

to obtain the corrected isotopic abundance of .
All the isotopic compositions of this sample

were fitted to thiree parameter (N, S, Air) least squares

fits. This was not valid for the 650°C to 200°C temperature

fraction for which the best estimate of the step date is

probably 0.5 by., the average of the l36Xe/133Xe

136

and

134Xe/ Xe dates.

Diffusicon of the precursors of lBlXe, l32Xe and

133

probably Ye affected the isotopic compositions of all

the temperature steps except the last two. This is indicated

131X 133 132Xe/133x

by high e/ Xe, high

133

e, and a tendency for low
iXe/ Xe dates &s well as by differences, which are larxger
than thé 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

131 132

for excess Xe and Xe) fits.

A plot of the fission xenon age versus the cumulative

amount of fission 136

Xe extracted is shown in figure 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



Figure 4.

The Fission Xenon Nates of Sample M 4082 Versus the

Ccumulative Amount of Fission

136ye Released.
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136Xe released. The following information is

fission
apparent: (a) A prominent high temperature plateau shows

an initial sample formation age of 2,82 %+ 0.08 by.. This
is entirely consistent with the Rb-Sr whole rock age
(Ferrara and Gravelle, 1966) and siﬁgle zireon analysis
(Lancelot et al., 1972). (b) A less prominent plateau
indicates a zero age consistent with U = Th - Pb analyses
{Lancelot et al., 1972). (c¢) A possible plateau showing an
age of 0.6 by. is indicated. An event of this date has not
been observed before in the area from which this sample was

obtained.

4, Zirceon 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 experiment are

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

lBoXe of the firet three temperature fractions are about

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

130 136

Xe/ Xe ratios as a

132

of a vexry rapid variation of the

function of time. Excess ~°'Xe and

Xe required five
parameter fits to the isotopic compositions of all the
temperature steps except the last one. A four parameter

fit was found to be best for the 900% - 140000 fraction.



ThABLE 6

FIGSION XENON DAYES:

SAMPLE ®710

bAYE e
1%y x10” Mgy LBy, 134, 133, 132, 131,00 130, 129, DAYES FROM PAIRED ISOTOPES
?DOOC - JSOUC TLM4PERATURE STEP: EXTRACTED :04.76 WR. AFTER IRRADIATICON
HELSU'RED ISOTOPIC .
COMPOSITLON 1.000 1.106 0.0054 2.784 2,191 0.3219  2.343 ISOTOPE| 133 136 114 132
KEUTRON FISSION 136 20.8
YIELD CORPECTION (0.632) (0.614) {0,3075) "
19.724,5 0.086 134 [20.9 1¢.4
FITTED ISOTOPIC
COMPOSITION 1.002 1.104 0,0065 2,784 2,191  ©.3¢05  2.337 132 [28.5 eves J—
1SOTOPIC COMP. 131 139.5 -22.2 -———- 4.28
MINUS AIR 0 214 0,181 0.0054 0,402 0.31d  -.0395 ©0.000
LEAST SQUARES FIT PARAMETERS ¥=0.0015 §¢0.0329 AIR=2.377 EXC.132=0,284 FXC,131=0.300
+,0021 3.0047 £.D59 t.069 2.075
350°¢ - 506°C TEMPERATUKE STEP: EXTRACTED " 07.81 HR, AFTER IRRADIATION
MERSURED ISOTOPIC :
COMPOSITION 1.000 1.127 0.0804 2.252 1.761  0.235 1.624 ISOTOPE| 133 136 134 132
NEUTROR FISSTON 136 8.02
YIELD CORRECTION (0.624) (0,625} {06.3150) -
6.9820.41 0.132 134 9.10 2.46
FITTED ISOTOPIC
CONPOSITION 1.026 1.093 0.0999 2.252 1.761  53.2508  1.626 132 13,7 ----
ISOTOPIC COMP. 131 {24.2 -13.0
MINUS AIR 0.455 0.486 ©,0804 0,601 6.460 -.0155  0.000
LEAST SGUARES FIT PAPAMETERS N=0.0240 S=0.0502 AIR=1.§53 EXC.132=0,351 EXC.131=0.410
£.0017 £.0032 £.034 +,053 2,051
%00°¢ - §50°C TEIMPERATURE STEP: EXTRACTED )11.62 HR. AFTER IRRADIATION
MEASURED ISGTOPIC
COMPOSITION 1.000 1.212 0.1760 2.432 2.104 0.434 1,945 1SOTOPE| 133 136 134 132
NEUTRON FISSION
YIELD CORRECTION 10.614) (0.637) (0.3241) 136 917
0.7620,41 0.058 134 1.99 -1.58
FITTED ISOTOPIC
COHMPUSTTION 1.020 1.188 ©.1909 2,432 2,104 0.304 1.968 132 6.75 <-m- ——--
ISOTOPIC COMP. 131 {19.B -21.7 ——— 5,70
MINUS AIR ©.340 0.435 ©.1760 0.431 0,527 0.130 ~.023
LEAST SQUARES FIT PARAMETERS N=0.0466 $=0,0063 AIR=2.002 EXC.13220,277 EXC.131=0.479
£,0023 +.0044 +.043 +. 05l *.0438
650°c - 800°C TEMPERATURE STEP: EXTRACTED 127.98 HR. AFTER IRRADIATION
MEASURED JSUTOPIC
COMPOSITION 1.000 1.148 0.3337 1.123  0.969 0.1301 0.B66 ISOTOFE| 133 136 134 132
NEUTRON F1SSION 136 1.06
YIELD CORRECTION (0,570} {0.686) (0.3€22) .
1.04¢0.21 0.118 134 1.14 .B6S
FITTED ISOTOPIC
COMPOSITION 1.003 1.145 0.3358 1.123 0,969 0.1336 0.B66 132 -.484 =3.67 -2,01
1S0TOPIC COMP. 131 9.94 -9.32 ---- -6.08
MINUS AIR ¢.710 0.806 0.3337 0,242 0.275 -.0035 0.000
LPAST SQUARES FIT PARAMETERS N=0.0882 S=0.0167 AIR=0.881 EXC.132=+.087 FXC.131=0.171
20024 +.0036 £.015 2.028 2.024
900°C - 950°C TEMPEPATURE STEP: EXTRACTED 130.55 HR. AFTER IRRADIATION
MEASURED ISOTOPIC
COMPOS ITION 1.000 1.041 0.2771 1.326 1.179  0.134¢ 0.9 ISOTOPE| 133 136 134 132
NEUTRON FISSION 136 2.06
YIELD CORRECTION (0.563) {0.634) (0.368)
'2,3520,27 0.055 134 1.20  5.18
FITTED 1S0TOPIT
COMPOSITTCON €.973 1.07% 0.2549 1,326 1.179 0.1402 0.909 132 3.07 23.2 8.36
PRS—— 131|149 -13.2 ——-- =6.11
MINUS AR £.695 0,603 0.2771 0.402 0.451 -.0058 0.005
LEAST SQUARES FIT PARAMETERS N=0.0675 5=0.0320 AIR=0.924 EXC.13290.078 EXC,131=0,360
£.0025 +.0042 +.023 £,030 +.027
950° - 1400°C TEMPERATURE STEP: FATRACTED 134.90 KR. AFTER IRRADIATION
MEASURED ISOTOPIC
COMPOSITION 1.000 1.089 0.3757 0.623 0.3044 0.0269 0.1736 ISOTOFE| 133 134 13¢ 132
MEUTRON FISSION 136 |1.93
YIELD CORRECTION 0.551) (0.705)  (0.37€)
1.8%20.10 1.32 134 |1.89 2.03
FITTED I1SOTOFIC
COMPOSITION €.996 1.090 0.3760 0.628 0.3064 0.0262 0.1695 132 }1.84 1.40 1.75
.27 -1.17 -6. -.
1SOTOPIC COMP. 11 la.27 -1 6.32 149
MINUS AIR €.843 1,022 0.3757 0.451 0.1686 0.0007 ~-.0041
LEAST SQUARES FIT PARAMETERS N=0.1021 §=0.0376 AIR=0.1724 EXC.131=0,344
+,0016 £.0022 £.0042 +.0268
WEOLE SAMPLE
MEASURED ISOTOPIC
COMPOSTTION 1.000 1.099 0.3236  0.960 0.632  0,0737 0.511 ISOTOPE| 133 136 134 132
NEUTRON FISSION 136 §2.10
YIELD CORRECTION {0.556) (0.70%} (0.3742)
2,0m2,12 1.79 134 }2.12 2.95
FITIEL ISCTOrIC
COMPOSITION 1.091 1.098 0.3244 0.960 0.§32 0.0788 0,511 132 |2.80 6.77 3.60
.18 -5, ———- 2.51
ISOTORIL ConP. 131 18,18 -5.62
MINUS AIR 9.829 0.59% 0.3238 0.141 0.222  0.0009 0.000
LEAST SQUARES FIT FARAMETERS H=0,0874 5e8.0J61 AIR=C.520 EXC.132<0.038  EXC.131=0.10¢
2.0015 £.0521 +. 006 +.013 *.009
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The step fission xenon dates are shown in
figure 5 as a function of the cumulative amount of
136Xe extracted. The pattern, very high dates cbtained
from the first two temperature fractions followed by three
dates increasing from a too low to a tooc high date and then
a prominent high temperature plateau, should be noted.
Since the high temperature age, 1.8% % 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

cf fission xenon dates obtained from an undisturbed sample.

5. Charnockite Zircon Sample

The information obtained from the charnockite zircon
sample is presented in table 7. The isotopic composgitions
of the 200° - 350%, 500°% -~ 650°C, and 950°c -~ 1100°C xenon

l31Xe and 132Xe were

fractions which contained excess
analyzed by five parameter fits. A three component analysis
was adequate for each of the remaining compositions.

136Xe

The sample age versus the cumulative amount of
released is plotted in figure 6. MNote that, although the
pattern superficielly follows that of figure 5, there are
two 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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TAELS

FISSION XENDN DATTE

PUADWICEATE SAMPLE

DATE 13,
p - 3 9 o <
%yra xin~Meey 136, 134, 13, 132, B, 138, 129, DATES FRCM PATPED ISOTOPES
200%¢ - 356% STHPLRATURE STEP: FXTUACTER 134.43 KR, APTTR IFRADIATION
MFRSUPLO TS/TRF IC
COMPOSITTON 1.006 1,182 0.6105 2,810 2,088 0.)178  2.3€7 ISOTOPE| 133 136 134 112
HIUTHON F1°510M
.6
YIFLD COERICTION (0.562) (D.695) (0.3689) 13¢ €€
1,3620.8% 1.28 134 8.37 099
FITYTD 180TGPIC
COMPOSITION 1,017 1.161 0.8261  2.410 2.08R  0.396&  2.570 132 Jil.5 -2.38 -7.64
ISOTOFIC conl, 131 11,8 - .R25 -1.95 -9.139
MIZUS AIp 0.135 0,168 ©.0105 ©0.200 ©.032 D0.091B 0,000
LFAST SQUAPFS TIT PARAMITIRS %e0.0G.% £=0.0174 Afn=?,613  FC,14200.112 pxe.13lec.013
N nzs +.025 2,035 2,028
350°C ~ $08°C TEMPLRATURE STEP: EXTPACTED 136.6 WR. AFTER IRRADIATION
MEASURZD 150TOP iC
COHroSITIC 1.000  1.190 £.0121  2.317  1.B24  0.3304 2,145 ISOTOPE| 133 136 , 134 132
HEUTRON FISSION —
YIELD COPRECTION (0.5513  (0.706) 4 1782) 11 | 9.38
2.3240.36 0.43 13¢ [11.5 049
FITTED {SOTOPIC
COMPOSTTINN 1.020  1.142 0.0638  2.357 1.767 0.3335 2.162 132 8.54  .185 099
ISOTOPIT CoMP, 13 18,2 -1.38 =-2.65 ~-1.04
MINUS ALR 0.281  0.342 0.0121  0.136 0,106 ~-,0005 0,000
LEAST SOUARES FIT PARPMETEPR N=0.01'3 $<0.0287 [IR=2.199
*.00:3 +,0037 *.016
500°c - €50°C TEMPERATURE S™EP: EXTFACTED 142.18 WR, RFTER IRRADIATION
MEASUREL ISOTGPIC
COMFOSTTION 1.000  1.156 0.187%  2.132 1.658  0.3054 1.923 ISOTOPE| 133 136 134 132
NEUTRON FISSION 136 .062
YIELD CORRECTION {0.541) (0.715) (0.3860)
6,1420.14 0.201 134 ~.167 (685
FITTED ISOTOPIC
COMPOS ITION 0.990  1.171 0.1740  2.127 1.658  0.2973  1.927 132 .119  .485  .5SB
ISOTOPIC COMP. 131 2.87 -1.23 -2,57 ~.915
MINUS ATR 0.355  0.397 0.1879 0.178 0,118  0.0087  0.000
LEAST SQUARES FIT PARMMETERS ne0,04B1 S$=0.0040 AIR=1,960  FXC.13120.657
1.0024 +.0040 *.020 +.026
650°(‘ - 800°C TEMPERATUPE TTEP: TXTRACTED 157,2 KR, AFTER TRRADIATION
MEATUPED ISOTOPIC
COMFOS ITION 1.000 1,133 0.1118  1.652 1.228  0.2103 1,363 soTors| 133 136 134 132
NFUTRCN FISSTON
YIELD €O RECTION (0.502) (9.751) (0.418) 136 2.18
1.3620.12 3.294 134 2,59 .8l0
FITTED 150TOPIC
COMPOSITION 1.004 1,107 0.1486  1.469 1.177  0.2120 1,374 132 1.87 -.280 ,390
ISOTOPIC COMP. 131 5.72 ~.700 -1.84 -,611
MINUS AIR 0.543  0.595 0.1118  0.267 n.136  0.0001  0.000
LEAST SQUARES FIT PARAMETERS N=0,0443 S=0.0397 AIP=1.393
+.0021 +.0034 012
200°C - 950°C TEMPERATUNL STEP: EXTRACTED 160.16 HR. AFTER IRRADIATION
MZASURED ISOTOPT!
COMPOSITION 1.000  1.179 0.1128  2.097 1.430 0.2B62 1.768 ISOTOPE| 131 136 134 132
KEUYPLY FISSION 136 1.2¢
Y1ZLD CORRFCTION (0.494) (0.757) {0.424) 19
1.34:0.20 0.183 134 1.64 .2
FITTED ISOTOPIC
COMPOSTTION 1.037  1.181 9.1184  2.057 1.497  0.2764 1,792 132 1.88 ~3.72  2.93
px21 .105 3.79 1.7 9.27
ISOTOFIC CoMP,
MINLS AIR 0.395  0.471 0.1128  0.275 0.044 0.0097 -.024
LEAST SQUARES PIT PARAMETERS M=0.035) $»0.0315 AIR=1.822
2,002 2.0044 +.019
950°C - 1100°C TEMPERATURE STEP: EXTPACTED 163.01 KR. AFTER IRRADIATION
MELSURED ISCTOPIC .
COMPOSITION 1.000 1,174 0.2549  1.479 1.075 0.1%942  1.093 ISQYOPE[ 133 136 134 132
NEUTRO'T FISSION 134 2344
YIELD CORRECTION (0.487) (0.763} (0.430) 6 .26
0.34120.074 0.215 134 -3 .
FITTED ISOTOPIC
COMPOSITION 1.003  1.172  0.2565  1.477 1.075  ©.1746  1.132 132 <363 .575  .354
1SOTOPIC COMP 131 2.3z -.772 ~1,74 -.602
MINUS AIR ) 0.620 0.727 0.2549  0.328 0.168  0.01%6  -.039
LEAST SQUAPES FIT PARAMETERS N=0,07€9 §=0.016) AIP=1.151  EXC.131=0.059 FXC.129=-.035
£,00:6 2,0036 £,033 2,018
1100°C - 1250°C TEMPERATURE STEP: EXTRACTED 165.72 HR. AFTER IRRADIATION
MEASURED ISOTOPIC
CONFOSITION 1.000  1.138 0.3994  0.599 0.2d85  0.01536  0.0990 ISOTOPE| 133 136 134 132
NEUTROL FISSION 3 .06
YIELD CORRECTION (0.480) (6.769) {0,433) 12
0.33020.036 1.12 134 +226  .506
LITTED IS)TOPIC
COMPOSITION 0.989 1,150 0.3333  0.502 8.2476  0,01500 0,.0972 132 2279 .038  .375
ISOTOPIC COMP. 131 .244 361 .190  .30%
MINCS RIR 0.967 1,099 0.3994  0.501 0.1706  ©0.00036  0.0018
LEAST SQUARZS FIT PARAMETERS N~0.1214 S5=0.0243 AIR=0,0989
021 £.0027 £.0036
1250 - 1400°C TEMPERATURE STET: EXTRACTED 168.54 RR. AFTER IKRADIATION
MEASURED I5GTOPIC
COMPOSITION 1.000 1.150 £.3942  0.540  0.1349 ———— 0.6151 ISOTOPE; 123 136 134 132
NEUTRON FISSION N a
YIELL CORRLCTION (0.473)  (0.775) (0.441) 36 -3
0,36220,029 2.72 134 L335 La1e
FITTED IS0TOPIC
COMPOSTTION 0.996 1.155 0.3918 0.542  0.1900 0.0026  0.0158 132 L34% .29 +37s
1SATOPIC CONP. 131 | .485 .253 .063  .252
MINUS AIR 0.99% 1,144 0,3%42 0,524 9.183 -—= 9.0000
LEAST SCUPARES FIT PARAMETERS Nx0,3}i4) §=0.0273 AIr=0.0169
Loc1” 1.0322 $.0026
WHOLE SAMPLE
¥TASURED I:0TOPIC
COMPCS1TION 1,000  1.159 0.2615 1.296  ©.543 0.1385 0,883 ISOTOPE| 133 136 134 132
NEUTRON FISSION R
¥IELD CORRLCTION 0.502) 0. 13¢ 600
0.5¢920.,046 €.44 * (0.502)  (0.749) (0.418)
FITTED ISOTOPIC 134 871 422
COMPOS ITTON l.011 1.rs3 0.2670 l.264  0.836 0.1389 0.%v01 132 .682 1,93 .703
ISOTOPIC COMP. 11 L3l .31 =224 3N
NINUS ATR 0.698  0.802 0.2615 ©.367  0.126 -.0003 0,318
LEAST SQUARES FIT PARAMETERS %- $=D.0291 AIR=C.91€
*,0023 t.007




AGE xI10° YEARS

Figure 6. The fission xenon dates of the Charnockite sample

« . . 3 e
versus the cumulative amount of fission 13GXe released.

i ] L] i ]
3_.
CHARNOCKITE
i HIGH TEMPERATURE AGE 0.353x10° YR.
WHOLE SAMPLE AGE 0.589 x10° YR.
2._
i -
- e
il
oL LLI ‘
i | | i )
@) | 2 3 4

e X0 cc STP

usg



being lower is the same as that from the f£ifth step.

The difference hetween the whole sample age, 0.589 by.,
and the high temperature age, 0.353 % 0.024 by. indicates
that this is a disturbed sample. The results are in
agreement with the Rb-Sr (Vitrac and Allégre, 1971) and
U=Pb (Vitrac, 1972) dates of the charnockite.

6. Zircon Sample G 2

Data obtained from sample G 2 are given in table 8.
The two lowest temperature steps, 200°C - 350°C and
350°C - 500°Cp did not contain enough fission xenon to give
meaningful pairel isotope dates. A five parameter fit was
found to be best for the 3500C“-= 500°C step. Four parameter
fits were used for the 200°C - 350° 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 abundance. The depletion of 133

Xe is manifested by the
too high iXe/133Xe dates. The other isotopic compositions
were fitted with three component least squares fits.

A plot of the sample age versus the cumulative

l36Xe released is shown in figure 7. Except for

amount of
the smaller amount of fission xenon released at low
temperatures the pattern is very similar to that shown in

figure 5. Althcugh the agreement between the high



TAILF

@

FISSION XTHON DATES: SAMPLE €2

DATE l]gxe
a 129 - y
(x10%yr.) 13- ey 3, 13y, 133, Py 12y, 13, xa DATES FROM PATFED 1£0TOPES
20‘}“': - 3500C TEMFERATURE STLP: EYTEACTED 144.15 MR. AFTER IRRADIATION
UEASURED ISOTOPIC
CONPOSITION 1,000 1,187 06,0177 2,957 2.434 0,243 2,855
BFUTRCN FISSION
YIELD CORPECTION (0.525)  (0.730)  (9.3989)
0.721.2 0.21¢
FITTED 182VOTIC
COMPOSITION 1.010 1.18% 0.0167 2.942 2.432 0.442 2,608
ISOIOPIC COMP.
MINUS AIR ©.338  0.05% 0.5177 0,041 0.137  0.001 -.013
LEAST SQUARES FIT PARAMETFES ¥e0.0048 5=0.0027 AIF=2,916 EXC.131e0,129
£,0027 +.0028 +,02% :. 038
3590(: - SQDOC TEMPEFRATUPE STEP: EXTRACTED 151,85 RR. AFTER IRRRDIATION
MEASUPEN ISOTOFIC
COMPOSITION 1.000 1.176 0.0170  2.910 2,370 0.460  2.749
WEUTPOU FISSION
YIELD CORRECTION 0.516)  (0.739)  (0.487)
1.2010.66 0.118
FITTED IS50TOPIC
COMPOSITION 1,004 1,171  0.0214 2.910 2.370 0.825  2.755
ISOTOPIC COMP. -
MINUS AIR 0.076 0,088 0.0170  0.108 0.16€3  0.035 -.006
LEAST SQUARES FIT PARAMETERS Ne0.0062 Se(.006) AIR=2,802 EXC.132=0,065  EXC.131=0,152
£.0025 - ,0042 +.051 +.067 +.051
5000C - SSODC TEMPERATURE STEP: EXTRACTED 154,87 HR. AFTER IRRADIATION
MEASURFD ISQTOFIC
COMPOS1TION 1.000 1,194 0.244  1.749 1,289 0.243  1.463 iSOTOPE| 133 136 134 132
MNEUTRON FISSION 136 L0983
YTELD CORRECTION (0.508) (0.746) (0.413) ‘
£.06410,057 0,186 134 .098  .082
FITTED IS0TOFIC
COMPOSITION 0.293 1,194 0.248 1.753 1.272  0.227 1.474 132 .057 -.154 1.55
ISGTOPIC COMP. 131 (661 -.297 -.757 -.265
MINUS AXR 0.506 0,612 0,244 0,249 0.108  0.015  -.611
LEAST SQUARES FIT PARAMETERS N=0,0730 Se).0036 AIR«1,499
*+.0026 *.0232 £.013
) 650°C - 800°C TEMPERATURF 5TEP: EXIPACTED 157,09 HR. AFTER IRRADIATION
MEASURLO ISOTOPIC
COMPOSITION 1,009  1.140 0.2000 1,494 1,091 0.1745 1.185 1SoTOPE| 133 136 134 132
FISSION
ORRECTION (0.502)  (0.751)  {0.418) a3s -704
0.60420,082  0.117 134 .771 .520
ITYED ISOTOPIC
COMPOSTTION €.959  1.130  0,2106 1. 511 1,081 0.1807 1.171 132 .53% -.115  .293
YSOTOPIC COMP. 121 | 2,67 -.536 -1,35 -.454
MINUS IR 0.607  0.677 0.2000  0.302 0.153  -.0062 0.014
LEAST SQUARES FIT PARAMETERS N=0.0628 5=03,0304 =alIR=1,191 EXC,.131=0.,059
$.00z2¢8 +,0G41 014 *,.022
N 806°C - 950°C TEMPERATURE STEP. EZATAACTIC 159,50 KX, APTER IRRADIATION
MEASURED TS50TOPIC
COMPOSITIOH 3,000 1.13%5  0.09%4  1.G4a l.228 0,210 1,254 ISOTOFE] 133 136 134 132
NEUTRON FISSION 136 2.17
YIELD CORRECTION (0.493)  (0.757)  (0.424} .
0.9120.23  0.183 134 | 2,64 508
FITTED ISOTOPIC
COMPOSITION 3.019 1,130  9.09%94 1,617 1.224  0.1972 1.278 132 | 2,40 -9.28  1.53
LSOTOPIC COME. 131 | 7.28 -.869 1,78 -.594
MINUS AIR 0,571  0.630 0,099 0,344 0.200 0.0138 -.024
LEAST SQUARES FIT PARAMETERS N=0.0522 S$=0.0391 AIR=1.300 EXC.133= -.073 EXC.131=0.114
£.0073  2.0094 +.01% 26 +.023
950%C - 1100°C TEMPERATURE STEP: EXTRACTID 162,92 HR, AFTER IRRADIATION
MEASURED ISQTOPIC
COMPOS ITTON 1,000 1,137 0.2920 1,063 0.670  0.1091  0.672 ISCTOPE| 133 136 138 i32
MEUTRON FISSTON 136 s
YIELD CORRECTION (0.487)  {0.763)  (0.430) .
0.37720,043  0.284 134 .398  .461
FITTED ISOTOPIC
COMPOSITION 3.990 1,138 0.2951  1.080  0.662 0,1025 0.66S 132 4328 -.264  .208
ISOTOPIC COMP. 131 «606 .241 -.005 ,129
MINUS LIR 3.777  0.875 0.2920  0.387 0.137  6.0066  5.007
LEAST SQUARES FIT PARAMETERS N=0.0907 §-0,0269 AIR=0,67¢
+.,0023 +.9031 2.008
) ;),:\c°c - 1250°C TEMPERRTURE STEP: EXTRACTED 165.90 HE, AFTER IRRADIATION
MEASUPED ISOTOPIC
COMPOSITICN 1.000  1.101 ©£.3482  0.569 0.2201  0.0142 0.0825 ISOTOPE] 133 136 134 112
NEUTRON FISSION
YIELD CORLECTION (0.480)  {0.769)  (0.436) 16 SRS
0.470£5,033 1,01 . 134 429 .61
FITTED I$Q1T0PIC
COMICS ITION 0.985 1,108 0.3445 0,585 0.2172  0.0110  0.0712 132 (403 -.183  .35%
ISOTOrIC CoMp. 131 L495 461 .292 331
MINOS AIR 0.976 1,073  0,3482  0.496 0.1630  0.0633 0,011
LEAST SQUAKKS FiT PARAMETERS N=0.1075 £=0.0401 AIR=0.0724
£.0021  =.0022 2.0038
1250°C - 1400°C TEMFERATURE STEP: EXTRACTED 168.82 HR, AFTER IRRADIATION
MEASI'RED ISQTOPIC
COMPOS IT10N 1.000 1.120 0.3568  0.550 0.2000  -—- ©.6391 ISGTOPE 133 136 134 132
NEUTPON FISSION 136 ‘)_"
YTELD CORRECTION (0.473)  (0.7751  (0.442) 832
0.42220.028  1.€5 13¢ .408  .495
FiTTED [S0TOPIC
COMPO51TICN 0.992 1.124 0.3560  0.559 0.1952  0.0053  0.0344 132 .390 -.016 .354
1SOTOPLE COMP. 131 .533 .339 170 .281
MINUS AIR 0.988  1.107  0.358  0.515 9.1734 == 0.0037
LIAST SQUARSS FIT FPRAMETERT N=0,1128 §00.0377 ATR=0.0350
+.0019  £.0025 £.0035
WHOLE SAMPLE
MEASURED TSOTOPIC .
COMPOSITION 1.000 1,126 0.2937  0.926 0.549  9,0778  0.485 ISCrOPY] 133 136 134 132
T
KEUTROS FIS510% 130 Luid
YIELD COPRECTION (0.478) {0,771} 10.437}
9.422:0.031 3.9 134 447 .512
FITTED ISCTORIC
COMPOS ITION 0.992 1.130  0,3026 0,338 0.531  0.0758  €.48% 132 .05 -.102 L 326
1SOTOPIC CONP. 1 .B92  .106 ~-.135 069
MINUS AIR 0.B33  0.333  0.2997  0.429 0,158  0.0624 -.004
LEFST SQUARES FIT PARAMETERS N~0.07%7 S$=0.C324 AlIR=0,497
2.0717 $.,0023 +.515
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temperature plateau age, 0.434 * 0.020 by., and the
whole sample data, 0.432 * 0.031 by., does not indicate
disturbance, U-Th-Pb dating resulted in discordant ages
{Allégre, private communication).
C. Normal Rock Sample Dates

Attempts were made to date three rocks of normal
composition {i.e. no unusually large uranium concentration).
Cf 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 integrated neutron flux was

16 136

2.07 x 10 N

n - cn_z’ and the yield Y used to calculate

the dates was 6.55%. 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 compositions of the 650°C - 800°C and 1256°C - 1400°C
xenon was not consistent with the theory on which the least
squares analysis wasebased and could not be fitted.

Figure 8 shows that the neutron fission xenon and spontane-
ous fission xenon released at these temperatures were not

134 132 136

correlated, while the low Xe/l36Xe and Xe/ Xe ratios

indicate that the spontaneous fission xenon component was

fractionated.
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TARLE ¢

FISSTON XEHON DATES:SAMPLE FR64-2

CATE 136y,
9 -11
(10°yr.) (x10"*1ocy Libye 13y, 133, 1324, 13y, 130, 129, DATES FROM PAIFED ISTTORTS
20% - 200°C TEMPERATURE STED: EXTEACTED 89.87 HR, AFTER IRRADIATION
MEASURED ISOTOPIC
0.83 COMPOS ITION 1.000 1.181  0.9030 3,057 2,443 0,465 3,010
NO SIGNIFICANT FISSTON COMPONENT
200°C ~ 350°C TEMPERATURE STEF: EXTFACTED 92.64 MR. AFTER IRRADINTION
MEASUREN 2SCTOPIC
COMPOSITION 1,000 1,163  ©6.0237  2.852 2.9%4  0.456 2,760 ISOTOPE| 133 136 134 13z
NEUTRON FISSTON 136 1.02
YIFLD CORRECTION €0.673) (0.551)  [0.2647) .
1.20£0.98  0.138 134 .922 1,50
FITTED [50TOPIC
COMPOSITICH 1.600 1,165 ©0,0216 2.849 2,974 0,321 2,767 132 1.27 2,51 .89
1SOTOPIC COMP, 131 |24.3  -1.10 -1.77 -.688
MINUS AIR 0.072  ©0.070 0.0237 0.038 0.757 0.029 ~,007
LEAST SQUARES FIT PARAMETERS N=0,004B S=0.0065 AIR=2.B14 EXC,131=0,750
2. 0025 +,0047 £,028 £.044
350°C - 500°C TEMPERATURE STEP: EXTRACTED 96.63 HR. AFTER IRRADIATION
MEASURED I1SOTOPIC
COMPOSITION 1,000 1,125 0.0606 2.288 2,973 0.2957 1.9%03 ISOTOPE| 133 136 1M 132
NEUTRON FISSIOH 136 2.5
YIELD CORRECTION 10.664) {(0.567) (0.2750) *
2.12:0.32 0.095 134 2.90  .912
FITTED ISOTOPIC
COMPOSITION 1,018 1.1e4  0.0731 2.288 2,973 0.2905 1.906 13z 4.37 -1.73 ~6.72
180TOPIC COMP. 131 j22.4 -1.09 -1.77 -.681
MINUS AIR 0,361 0.373 0.0606 0.350 1.446 0.0016 -.003
LEAST SQUARES FIT PRRAMETERS KN=0.0185 S=0.0422 AIR=l, 933 EXC.}32=0.155 EXC.111=1.410
s.0017 +,0032 £.02 4,039 $.046
500°C - 650°C TEMPFRATURF STFP: FXTIACTFD 59.54 HR. AFTER IRRADIATION
MEASURED: YSOTOPIC
COMPOSITION 1.000 1.028 0.,1432 1,559 2.162  0.1684 1,091 ISOTOPE| 133 136 134 132
NEUTRON FISSION 136 1.70
YIELD CORRECTION {0.645) {0.596} (0.2947) .
1.650.09 0.259 134 1.69 1.76
FITTED 1SOTOPIC .
COMPOSITION 1.002  1.036 0,1447 1,559 2.162  ©.1684 1,091 132 2.42 -2.92
1SOTOPIC COMP. 131 j16.1  -1.08 -1.76 ~.700
MINUS AIR 0.634 0,608 0,1432 0.4849 1,288  0,0001 ©6.000
LERST SQUARES FIT PARAMETERS N=0.0376 S=0.0646 AIR=1,110 EXC.132=0,126 FYXC.131=1,224
£,0006 +.0028 £.020 £.033 £.040
650°¢ - 200°C TEMPERATURE STEP: EXTHACTED 114.2 HR. AFTER IRRADIATION
MEASURED 1SOTOPIC
0.401 COMPOS ITTON 1.000 0.687 0.0295 9.689 1.145 0.0S83  0.3147
FRACTIONATED SPONTANEOUS FISSION XENON COMPONENT
B00°c - 950°C TEMUFRATURE STEP: EXTRACTED 144,53 PR, AFTFR IRRADIATION
MEASURED ISOTOPIC
COMPOS ITION 1.000 1,026 0.1006 1.827 2,447 0.2367 1,458 ISOTOPE| 1331 136 134 132
NEUTRON FISSION 136 1.61
¥YIFLD CORRECTION (0.539) (0.717)  (0,3880) .
1.8210.19 0.095 134 1.37 4.05
PITTID ISOTOPIC
COMPOSITION 0.586 1,042 0,0881 1.027 2.447  0.2284  1.455 132 2.11 -2.28 -
ISOTCPIC COMP, 131 17.1 -1.06 -1,74 -.B59
MIMUS AIR 0.512 0,451 0,1006 0,347 1.281  0.0123  0.000
LEAST SQUARES FIT PARAMETERS N:0,0245 S=0.0525 ATr=1.479 EXC.132%0,079 FXC.131=1.226
£.0023 +.0037 £.022 1,033 £,03R
630°C - 1100°C TFMPFRATURE STEF: EXTRACTED 147.37 HR. AFTER IRRADIATION
MEASURED 1SOTOP1C
COMPOSTTION 1.600 1,079  6.1166 1,242 4,449 0,2792 1,554 ISOTOPR| 133 136 133 132
NEUTROM FISSTON 136 1.13
YIELD CORFECTION (0.531) (0.725)  (0.3942) "
1.2340.16 9.062 134 1.04 1.61
FITTED ISOTOPIC
COMPOSITION 0.994 1,086 0,1096 1.B4) d4.447  0.2408  1.561 132 1.12 1.02 1,42
1SOTOPIC COMP. 131 21,8 -1.09 -1.76 -.912
MINUS AIR 0.476  0.46%1 0.1166  0.255 3,192 0,0384 - .00%
LERST SOUARES FIT PARAMETERS N=0.0309 5e0.0426 AIR=1.587 EXC.131=3,140
+.0020 2.0047 :.022 2,069
1100°%¢ - 1250°C TFMPERATURE STEF: EXTRACTED 162,08 HR. AFTER IRRADIATION
MEASURED 150TOPIC
COMPOST'PION 1.000 0.987 0,1525 1,219 1.335  0.1373%  0.800 IsnTOPrl 133 136 134 132
NEUTRON FISSION l
YTELD CORRECTION fe.493) (2,758} (0.425) 136 1.30
1.56:0,02 0.252 134 1.1 2.6%
FITTED ISOTOPIC . 3
COMPOS TTION 0,984 1,01t 0,1312 1.213 1.335  ©.1241 0,904 132 1.31 1,862 2.3%
131 10.4 -.956 -1.65 -.893
150TAPTC COMP,
MINUS ATR 0,730  0.669 0,1525  0.401 0.691  0.0133 - ,004
LEAST SQUAPES FIT PARAMETYRS N=0,0398 S=0.0712 AIRs0,818 EXC,131=0.602
£.0020 +.0031 t,011 +.019
1250%C - 14009 TEMPERATURE STEP: EXTRACTED 165.04 HR. APTER IRRMOIAYION
MEASURED ISOTOPIC
COMPUSI7I0N /1,000 9,732 0,0420  6.%%3 0,662 0,520 9.2774

FRACTINNATED STOMTANEOUS FISSION XENOH COQMPC!
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Figure 9., The Fission Xenon Dates of Sample KA 64-2 Versus the

Cumulative Amount of Fission 136Xe Released.
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Figure 9 shows the plot of fission xenon dates

versus the cumulative amount of fission 6Xe released.
A noticeable difference bhetween this plot and the
zircon plots is the relatively large amounts of fission
xenon released at lower temperatures compared to those
at high temperatures.

The two samples which were not successfully
dated were St. Paul's Rocks NE - 4 and Gill nepheline.
As mentioned (section A), a subsequent extraction showed
that the St. Paul's Rocks sample contained no significant
amount of spontaneous fission xenon. In the case of the

nepheline sample although fission xenon was observed the

amount released was too small to warrant a complete analysis.

N



CHAPTER S
DISCUSSION
A, General Interpretation of thé Zirccen Data

In the course of the development of the
U - Th - Pb dating of zircons it has been shown that
generally uraniun in zircons is distributed uniformly
and is immobile so that in most samples discordancy is
caused by Pb loss (Doe, 1970). An exception to this occurs
when uranium is added to a zircon during a disturbanceiin
which case the additional uranium is concentrated near the
surface of the zircon, and discordancy is the result of
both lead loss erd uranium 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 that as a conseqguence of the high
uranium content of zircon a source of fission xenoh other
than the uranium in the zircon itself is unlikely. For
example, the unlikeliness of =axtraneous sources plus the
low mobility of xenon released at high temperatures led
to tﬁe criterion that for undisturbed zircon the whole
sample age should eqgual the high temperature plateau age.

Although the whole sample 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
zircon samples+¢ The excess spontaneous fission xenon found
in the lowest two temperature fractions of this sample as
well as the charnockite sample (figure 7) suggests that
during a disturbance xenon drifts to less retentive sites.
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 XK 710, G 2 and
charnockite, ficures 5, 6, and 7) obtained from xenon
evolved between 500°C and 950°C shows a partial breakdown
in this temperature range of the assumption that the
spontaneous fission xencon release and neutron fission xenon
release are correlated. Thus, though the similarity among
the patterns (note especially figures 5 and 7) allows an
estimate of the date, as is the case in 4OAr - 39Ar dating

(Brereton, 1972), information obtained in this temperature

Microscopic examination of the sample also indicated some
disturbance. Akout 10% of the zircons showed overgrowth.
In 5% of the greins with overgrowth the overgrowth is over-
growth material (H. P, Schwarcz, private communication).



range should be treated with caution. 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
figsion tracks anneal with time, the type of site from
which xenon is released at these temperatures may be more
ratentive for spontaneous fission xenon than neutron
fission xenon. Second, the precursor diffusion mechanism
{see chaptar 3, p. 25) may cause lower temperature release

131X‘ 132 133

e, ¥e and Xe. If this is the

of neutron fission
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 o be

correlated with spontaneocus fission xenon release for all

four zircon samples, at extraction temperatures greater than

950°C, TFor 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 8).
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For all samples this is indicated by the improved

agreement among the paired isotope dates (tables 5 to 8).

B. The Western Ahaggar Samples, M 4082 apnd L - 6

The samples L - 6 and M 4082 came 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 Gravelle, 1966)., The geochronclogy of this area as
established by the Rb - Sr, K = Ar and U - Th - Pb dating
methods has been summarized by Allegre and Caby (1972).

Briefly: Primary deposition occurred between 3.3 by.
and 2.8 by. The Suggarien orogeny affected this area
between 2.09 by, and 1.96 by. and was responsible for
establishing the metamorphic Tassendjanet series and
metamorphism and granitization in the In Ouzzal formation.
No important tectono-metamorphic event affected this area
between 1.96 by. and 0.64 by. although events at 1.1 by.
and 1.3 by. have been dated. The Pharusien orogeny
(which did not affect the In Ouzzal formation) lasted from
0.64 by. to 0.58 by. and was followed shortly thereafter by
the emplacement of the In Zize rhyolites dated at 0.53 by.

Phenomena of undetermined nature and weak intensity have
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affected this area since 0.45 by..

Sample M 4082 (sece figure 4, and table 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 zircon.
The zircons of one group are brown, round, detrital and
contain black inclusions. The second group consists of
well crystalized yellow zircons (Lancelot et al., 1973).

The high temperature plateau date, 2.82 * (.08 by.,
is entirely consistent with the Rb - Sr isochron date,

2.86 by. (Ferrara and Gravelle, 1966) and single zircon
analysis (Lancelot et al., 1972). TFission xenon dating
appears to have some advantage over the usual U - Th - Pb
method since experiments using aggrecates of 104
zircons resulted in a U - Th - Pb date of 2.17 by.
{Allegre et al., 1972) which agrees neither with the age
of metamorphism nor with the age of primary deposition.

A higher date was obtained by the U - Th - Pb method only
when the zirccns were analyzed in a single grain at a
time.

Fission xenon dating of the low temperature

fractions of M 4082 resulted in ~ 0 ky. 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 Wetherill, 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 fiésion xenon in the low
temperature fractions of this sampie contrasted with the
excess spontaneous fission xenon found in the low temperature
fractions of the other zircon samples, the relatively large
amounts of fission xenon released at low temperatures
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 populaticn zircons implies an increased number of
unretentive sites and large diffusion coefficients which

would facilitate both xenon and lead loss. Assuming



episcdal loss the results indicate a recent alteration.
On the other hand detrition indicates the possibility
of continuous 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 1100°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 menticned 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
formaticn.

The whole saméle age, 2.98 * 0.12 by., of sample
L - 6 collected from Tassendjanet is the only exanple of
serious disagreement between the fission xenon dating
method and the U - Th - Pk and Rb - Sr methods. The latter
methods date this complex &t 1.96 by. = 2.09 by.
Unfortunately the amount of the sample available was too
small tg permit a stepwise heating experiment. The excellent

agreement between the least squares fit date and the paired



isotope dates (see table 4) indicates a valid age
determination but without further information the dis-
crepancy between fission xenon method and the other methods

must remain unresolved.

C. The Fastern Pyrenees 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
charnockite granite (Ansignan granite) from the Agly massif.
Microscopic examination of the sample revealed clear weli
crystalized zircons. Previous dating of this granite by the
U = Pb and Rh - S techniques gave the following results:

(a) A U - Pb date of about 0.30 by., based on the
estimate that a plot of the results from slightly discordant
zircons {disturbed by the Pyrenees orcgeny, 0.11 by. to
0.045 by.) intercepted the concordia curve at the date given
by the concordant age obtained from a sample of monazite

(Vitrac, 1972).
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(b) Rb - Sr analyses of this granite showed
that the results fitted the 0.580 by. isochron obtained
from the Rb - Sr analyses of Caramany charnockitic gneiss+
(Vitrac and Allégre, 1971).

Based on the appearance of the zircons, the U - Pb
results which gave no indication of an earlier event, and
the uniformity cf 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., corresponding 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 isochror age of the charnockite gneiss.

T The purpeose of this was to show that this granite

was not of juverile origin but was the result of anatexis
of the charnockites. The fission xenon dating results
furnish a direct proof.



These results clearly show that the zircons were
inherited and thus they confirm the indication
obtained from the Rb - Sr results that the granite is
not of juvenile origin. They also show that disturbance
in this case caused 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 method t0 sece past a metamorphic event these
results indicate that fission xenon dating is better able
to do this than other methods.

The results from zircon sample G 2 were less
exciting. The zircons were separated from gneiss
{(sample G 2 J) frcm the Canigou massif (see figure 11).
Microscopic examination revealed that these zircons also
were clear and well crystalized. Previocus datiné of
various gneiss samples from the Canigou massif including
G 2 J showed that the results fit a 0.550 by. Rb - Sr
isochxron {Vitrac and Allegre, 1971). Cranite from this
massif also dated by the Rb -~ Sr isochron technigue was
found to be 0.330 * 0,010 by. old (Vitrac and Allegre, 1973).
U - Pb dating of the G 2 zircons showed that they were dis-

cordant. Extrapolation of the data resulted in intercepts



with the concordia curve at 0.29 by. and 0.62 by.
(Allegre, private communication).

Fission x2non dating of this sample (see
figure 7 and tabls 8) resulted in a high temperature
plateauv age of 0.434 * 0,020 by. and a whole'sample age
of 0.432 + 0.031 by.. This age, intermediate between the
date of the Precamnbrian and Hercynien episodes, corresponds
to the date indicated by the mean position of the zircon
results on the concofdia plot implying that disturbance
in this case affected the U - Xe and U - Pb systems in a
similar manner. The effect of disturbance on the U - Xe
system is not clear. 2ddition of fresh material seems
unlikely since only a single zircon out of about one
hundred showed an overgrcwth. Xenon loss is also not
likely because of the exact agreement between the whole
sample age and the 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.

bD. Normal Rock Samples
The nepheline results showed that a fission xenon

date of sufficient precision (error < 10%) can be obhtained
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from this sample provided a 10 gm quantity is used.
Unfortunately, the capacity of the extraction apparatus
was insufficient at the time of the experiments toc 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 other normal uranium content
rock samples in which spontaneous fission xenon was
detected. Thus the fission xenon dating method could be
usad to date a large fraction of normal uranium content
rock samples. It must be cautioned however that this
invelves quantities of fission xenon of the order of

10712 cc gTp gm_1

in the presence of large atmospheric
components and thus reguires instrumentation of the highest
sensitivity and precision.

Carbonatite XA 64-2 was cbtained 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 fissicon xenon observed (see
table 1).

The graph of the age versus the cumulative amount

136

of fission Xe released shows a mean age of 1.6 = 0.2 by.,

in reasonable agreement with early experiments carried out

136 129,

by the author which resulted in a Xe/ Xe versus
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2
1“4Xe/129Xe isochron age for this sample of 1.1 by.,

In addition to the fission xenon uvsed to
obtain this date, large amounts of uncorrelated fraction-
ated spontaneous fission were released in the 650°C - 800°C
(corresponding to the decomposition of CaCO3) and the
1250°C - 1400°C heating étepso At present the interpre-
tation is that the uranium in the sample is the source
of this spohtanéous fissién xenon. A second unusual

130

feature of this sample is excess Xe which was clearly

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

13OXe is the result of

TeA(T%_= 8 x 1020yr°) results in

129

The assumption that the excess

double beta decay of 130

a 130Xe/129Xe versus 131Xe /

i ron £
excess Xe isochron date o

11 = 5 by..

Although the uranium content of this sample,

2.8 ppm (W. B. Clarke, private communication), is low enough,

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 uranium content

samples is therefore better demonstrated by the nepheline

results.,
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F. =~ Miscellanen>us

1. Calibration by a Standavxd of Known Age

In the present work 1% Co - AL wires were
used to measure the neutron flux wiﬁhbut a calibration
by means of a standard of known age. This method haé
been shown to be adeqguate. AHowever this requires éontfol
of the irradiation, and familiarity with irradiaticn
technigues., VWhen either of these conditions is not met,
the 1% Co - AL monitors are bhest calibrated for a
particular irradiation facility by a sample of known age.
Once a facility has been calibrated the neutron flux can
be measured exclusively by the use of 1% Co - AL flux

.

monitors.,

2. Optimization of the Irradiation Time

By noting that X/N in equation (4 ), p. 39 1is a
constant it is apparent that the error in a date is

minimized by minimizing the guantity.

2

02 oo

(] N

=z v =
S N

The results show that the error in the neutron fission

comporent is approximately 2/3 that of the spontaneous



~J
fes}

fission component. TFurthexr, it can be reasonahly

assumed that Ui is proportional to

L.

Yo 8+ Y, N+ Y, I vhere ¥_ , ¥ and Y, are respectively

N ! A
the sum of the spontaneous fission, neutron fission and

air yields. The optimization egquation therefore is

Y Y -
S A A
2<Y-I-\;S + g ) + 1

N
N

N
I
ol

In the simplest case, neglecting the air component and
setting Ys = YN , iteration shows that the error in a
date is minimized by irradiating a sample so that N/S is

about 1.1 .



CHAPTER 6

CONCLUSTION

The fission xXenon 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 of sample M 4082, and shown in an impressive
manner by ths charnockite results. In both cases the .
fission xenon dating method extracted in a single experiment
from a single sample information which had previously re-
guired the use of several techﬁiques 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 simultaneouslyrestimatinq

_the atmospheric correction by as many as six isotopes, the

77



degree of correlation between the release of neutrcon

and spontanecus fission xenon can be assessed from the
agreement among the paired isotope dates, and thé excess
abundance of an isotope is more apparent.. But the mass
spectrometry anc the subsequent analysis are time
consuming to an extent not always warranted. The neasure-
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

133

the triplet, though if substituted for Xe the precision

136 133Xe

is reduced substantially. As an addition to Xe and

in a three fission isotope method, the choice is between

l34Xe and 132 . 134Xe has the advantage since the

13 133 134

Xe/ and Xe/136Xe dates are respectively more
precise than the

132 133 132Xe/136 134Xe
136

naxt to Ye is least affected by precursor diffusion, and

Xe/ Xe and Xe dates,

it is an insurance isotope because it does not decay and can

13346 (e.g. sample KA &4 - 2}. 1324e

be substituted for
used as a third fission isotope, reduces the error in the
alr component determination or indicates the severity of

the precursor diffusion effect. Based on the results, for



. . 131,
high uranium content samples, the use of e, except

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 £oo 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

130Te and 1303a, The isoﬁope, 130

129

by Xe, should be used

in addition %o Xe if due to a very high uranium content,
neuntron fission has occurred in a sample prior to irradiation.

| In the introduction two criteria were set out for
judging the value of a new technique, namely, it should
provide additional information, and it should not be too
difficult experimentally. The fission Xenon dating method
has been shown to provide extra information by two examples.
Its simple version, the 136Xe - l33Xe technique, while

retaining many ¢of the advantages of the complete method, is

not difficult experimentally.



APPENDIX 1

Flux Depression Correction (Cylindrical Samples)

Neutrcen flux monitors
extending the length of a sample

inherently measure the flux

e re——T )

averaged over the length

;jiiiéj (z direction) of the sample. In

?f;;ij,,//’// the radial direction the solution

?éfﬁiié LU | of the neutron diffusion equaticn

ffifj};j>M0NWORS (Glasstone 1952,p.106) yields the

o o relation §ir) = ;I (kr) (see
=

figure) where IO is the modified
Begsel function and k is essentially a scaling factor. Using

the relation

&
S t'I _,(t)dt = 21 (2) (Abramowitz 1968)
o :
the average neutron flux is given by the expression
- EI](ka)
f=—g 7

min.
where ka is determined from the eguation

I (ka)y = iy / Posn.
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Practically, Io(ka) may bhe replaced by the parabolic

approximation, 1 + (k° a)z, yielding

Fe1s la? g
2 min.

where
3

For a flux depression as large as 10%2 this approxi-

mation results in an error of only 0.04% in the average flux.

[eal



APPEFNDIX 1IX

The Decay Equations and the Decay Chains for Masses
131, 132 and 133,

B. The Decay Egquations.
Summing the formation and decay rates results in

a set of simultaneous differential equations,

g T P M N

an.,

T T Pyt A Ny - AN,

dNi

ae T Pi v Ay Nyt MM

which describe the rate of change with time of the
abundances of the members of a radicactive decay chain.

Iin this set of =zguations,

N, = number cf atoms of the ith member

Ai = decay constant of the ith member

P, = production rate of the ith member.
235

In the case of the neutron fission of U, Pi is constant
if the flux, §, is constant and is equal to

Yy I3 0935 O
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where
YN = th2 absolute chain vield
Ii = thz fractional independent yield of the
ith nember
and 235
0435 = neutron fission cross section of “U.

The solutions of these equations may be obtained
either hy the method of Bateman (1910) or that described

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

. e?u‘f e*"i-i‘
Ni = first ferm  «  Fi, o550t Tvomod

e Mt e Pint e-ri-at
+ Fia 2y (R R (Rivz - 2D + (A= Ain ) (Riaa A + {2i=30.0) (hicm Aisa)

e—lﬁf e")-lf _l
LRRRE SRV S NI B v B r v w ey s w BRI AT iR -+ (R~ |

T The 10 equation is solved by multiplving by the integrating

factor eAlt, rearranging the equation to form
dNieXit 2 A
—. = p.eit . it
dt Pie + }‘i-l Hi-1 © and

integrating aftar substituting for Ni i the expressicn found

for M. g by solving for the (i—-l}th ecquation.



. . . . . .th ,
where a) during irradiation if the 1 memper is

anstable the first term =

P, + P+ suu. + P, _ V
1 2\ i EL e )\it] and
' i

Fj = - (Pl + P2 + 2 e e @ + Pj)

b) during irradiation if the ith element is

)

stable the first term =

(Pl + P2 + oeees + Pi)t and

F = e P + +.0l'0 P.
3 (P, + P, ;)

after irradiation (i.e. Pl = P2 = ... Pi= ceee= 0)
let the abundances at the end of an irradiation
of duration T be Ny (T) , N, (T) , ceuey N (T) , ...s

(calculated using the above expressions) and let

t!' be the time measured from the end of the

irradiation (i.e., t° = ¢ - T) .then t' is
\l
substituted for t, the first term = Ni(T)e-Ait
nd F, = + W, (TYX,.
ane ¥ 5 (T2
In this case the expressions for Fj and the first

term hold whether the ith element is stable or

unstable. In practice, when a chain contains more
than two or three members, the computations should
be done by computer, or appropriate approximatipné
(e.g. lacnamara (1950) or Ratcoff (1953)) made to

reduce the length of the chain.
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B. The Decav Chains for Masses 131, 132 and 133,
In the case of fission xenon dating the equations
given in part A are applied when calculating the fractions

131, 132

of the fission chain yields present as Xe, Xe, and

133Xe at the timz2 of mass spectrometric analysis. The
information required in the calculations is given in the
decay chains shown below and was gathered from the follow-
ing sources.

a) half lives and branching ratios from Lederer {1968}

b} fractional independent fission vields, I, from

Wahl (1$69)

131m 131

c) the ratios I{ Te)/I({
l33mTe)/I(l33Te)

d) the ratio 1(133mXe)/I(l33Xe) was assumed to be 1.5

Te) = 1.8 and

R Y § = 1.55 from Sarantites (1965)

The decay chains are:

Mass 131
131w
. Te
| =o0.0797 |
V Tlﬁ_:BC.O ' 82%
LIB%
13 131 . 131 121 131
Sh = Sh 222, e —e I o Xe
1 =0.39 I =04846 1 =0.0442 I = c.0014 1 =0
(L)

Ty, =©.0887 Ty, =0.433 T = 04133 T‘/z; 193,2 Ty, =



Mass 122

132 S 132 132,
SAa —— Sb Te
1= 0.33 I =0.466! I = 0.200
_ T'/z"' 0.0367 jj/z«:o.oaso ﬂ4=77_7
Mass 133
{33m
Te
1 =0.3902
-
IOV Ty =823 87%
13%
133 133 133
Sk Te — 1
I =03320 1 =0.2518 1 =0.0250
T;/a: 0.07 T,/g:c..o.oss Ty, =203

Complex decay chains are
independent decay chains
Since only the {iractions

the time of analysis are

the abundances are normalized so that after an

97.6%
——

86

132 132
I ——— Xe
1 =0.0039 =0
Ty = 2.26 Typ= o0
133m
Xe
1 =0.0006
Ty, =52y
133 139
Xe Cs
1 =0.000% v
Ty=126.48

best treated as the sum of
(for an example see Appendix III).
of the chain vields observed at

regquired, the calculations of

infinite

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

chain iz unity.



APPENDIX IIX

135 6Xe Correction to Y.

Xe(n,Y)l3 i

The ]\’136

Neutron capture during irradiation is described

by differential equations of the form

H=p 2Dt - av - opy
for 135Xe and 1“ﬂsm}{e» From this expression it can be

seen that the neutron capture contribution can be
accounted for by the use of an effective decay constant
A' = X + of , and by using the branching fractions %—,
for decay to the next member of the decay chain, and
%% for neutron capture to 136Xe,

Using the references given in Appendix II and

the assumptions 1(1351!‘2{6)/1(135Xe) = 1,5, and

Oy35 = 3.6 x 106 barns for both l?’SMXe and 135}(e, the
mass 135 decay chain including neutron capture is
-
e % Xe *® T2cee L;«;F‘ #)
I =0.0u% 1= 0 . 135
o T‘h:m
30% (%) y y = oiss B
(0.07584 + Gjag B)
135 e 135y, « 138
I 759, Ye T = '29Cs
1=0.96 1 = 0.016
th,‘= 6.68

i%8

Ty of e = fn2/(2666 4 @) Ty of T Xe = fnaf(o.0rs8r s ¢

87



This chain can be split up into five independent chains

of which the‘following three chains contribute to Y§36
1) 13SI — 135mXe — 136Xe

I[=086x203xX 12 0.024xX% iz0
2) 1BSI . lBSmXe N 1°5Xe . 136Xe

1 20,9602 (1-30xY 120,024 x(1=X)Y 1=0.016xY 120
3

3) l..5I - 135Xe 136Xe

[=096+07xY 1=0 1=-0

136

The fraction of the mass 135 chain transformed to Xe is

calculated using the equations developed in Appendix IT.

136
N

absolute fission chain yield of the mass 135 chain.

The contribution to ¥ is then this fraction times the



APPENDIX 1V

Least Squares Analysis of an Isotopic Composition

Let R; be the measured isotopic abundance of
isotope i, w; be the statistical weight of r;, and
v; ,Y;, ... ,YA be the yields of components N, S, ..., A.
Then using the method of least squares, the minimization of
the weighted sum of the squares of the deviations,
M:Z[R; - (Y;N + 'y;S + ... +Y;A)]2w;
i

results in the normal eguations
NYYiYiw o+ 5T YeYawi + ..+ ATV Yawi = TRiVLW,
i i i ;

NSV Yiwe + STVYiw + ...« ATV Viwi = YRiY w
\ i 1 l

#

NYYiVawi + SY ViViw =+ ... «+ AZY;V;LO; TRi Ya wi

This szt of equations may be solved for the components,
N, S5, ««., A, either by the use of determinants or by matrix
inversion. In the latter case the normal equations are
expressed as

Y =CR

g9



A
i

and the solution
C =

) -1 .

where Y is the

If w, =
i

R; , then vl s

variances of the

TV Yawi  TYEYhwi e TYLYL W

YYiYie o TYVie oo TYMYdwi

Dhaw TV Naw o TN aws

N ZR;Y;L‘J;
S R = ZRiy;Wi
A LR Yaw;
is
vl R

inverse of Y.

2 . .
1/0 s where o; is the standard error in
the variance-covariance matrix and the

components are the diagonal terms of this

matrix. Alternatively the errors may be calculated from the

external consistency of the least squares fit by the relation

-1 .2

variance-covariance matrix = Y X



where

2 _ M
X = §¥=F

N is the number of isotopes used in the fit and £ is
the number of parameters fitted.

The components may be calculated in an eguivalent
manner using Cramer's Rule. Letting D = determinant |Y|
and DN . DS s ees o DA be the determinants of the matrices
formed by substituting R for the first, second, ... , last

coclumns in Y respectively, the values of the components are

given by the equations
N = DN/DO , S = DS/DQ r eoee g A = DA/DO

Using the component, I, as an example the variances

of the components are calculated from eguations of the form

2
K

2 _ 5 :
3R. 1
L

GN i

where the wvariances, ci ; are either known from the isotopic

abundance measurements, or can be estimated from the formula
2
02 = X-

i W
1

Yuui DY oo DY
DYeYewi v SVaYews

and where

[ Rl
51z
it
o

O
o<
£

Viw DYYien e D YpYaws
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As a consequence of the last equation the partial

39S 95 oA

73 g S e ———
derivacives, aRi ' aRi § ecvoeg aRi

, may be evaluated

by using the fictitious abundances Ri = Gij’ where
6ij =1 if i = j and 6ij =0 if i # j.
References:

Young, chap. 14 and 15 (method of least squares)
Dening, pp. 156-167 (variance~covariance matrix)
Bevingion, pp. 152-154 (variance-covariance matrix)

Appendix B (matrix inversion)
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