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U-Pb and Pb-Pb Age Determinations on Zircons

Results Obtained with a Direct Ionization Method for the Isotopic Analysis of Lead

By Armand Buchs™®), Ronald Chessex**), Michel Delaloye**), Jean-Claude
Landry *), Jean Bertrand **) and Marc Vuagnat **)

With 3 figures and 2 tables in the text

Résumeé

Le présent article décrit et discute une méthode d’analyse isotopique du plomb con-
tenu dans les zircons, cela sans extraction chimique préalable de cet élément, comme il
est habituel de le faire. La méthode a été appliquée & deux échantillons de zircons du Col
des Gets (Haute Savoie, France), a deux échantillons de zircons du Massif du Mont-Blanc
et & quatre concentrés provenant du Groenland. En utilisant la fluorescence des rayons X
pour déterminer les teneurs des zircons en uranium et plomb, Panalyse isotopique par
spectrométrie de masse peut étre utilisée valablement sur des zircons contenant au
moins 80 ppm de plomb.

INTRODUCTION

Kosroranyr (1964) described a method for the isotopic analysis of lead
without prior extraction from minerals. He used this method in order to
determine the isotopic ratios of lead in uranium-bearing minerals like pitch-
blende, autunite, chalcolite and colombo-tantalite (KosToLANYI, 1963;
Kosroranyi and DuLLIER, 1966). Later, the same technique was used to date
some zircons (RouBAuULT et al., 1967; CoPPENS et al., 1964-1965); 207 Pb,/
206 Ph,1) ages for samples containing less than 5%, common lead were reported.

Since we have been dating zircons, using the “total lead” method, since
1962 (Bucus et al.,, 1962; CHESSEX et al.,, 1964; BERTRAND et al., 1965),
the uranium, thorium and lead contents being determined by X-ray fluores-
cence spectrometry according to a procedure described by one of us (BucHs,
1962), we found it interesting to test Kostoranyr’s direct ionization technique

*} Mass Spectrometry Laboratory, University of Geneva, Switzerland.
**) Department of Mineralogy and Petrography, University of Geneva, Switzerland.
1) Ph, = radiogenic lead.
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on some of our zircon samples. As the method does not require tedious separa-
tion procedures for the isotopic analysis of lead, it was worthwhile to explore
its possibilities and limitations.

ANALYTICAL PROCEDURE

The thermoionization is performed with a CH-4 Varian MAT mass spectro-
meter by using two-filament insert units. The first diagram (a) of Figure 1
shows a portion of such an insert unit with the two filaments, and the second
diagram (b) shows the position of the filaments with respect to the plates
which are used to extract the ions from the ion source. The insert unit is a
separate part of the ion source, i. e., the filaments are mounted on the insert
unit outside the ion source and the unit is introduced into the ion source by
means of a vacuum lock. The sizes of the filaments are: 0.04 0.7 x 7.0 mm.
Rhenium filaments give better results than either tungsten or tantalum fila-
ments. It is not too difficult to obtain stable ion beams with tungsten filaments,
in contrast to tantalum filaments, but the temperature required for ionization
is then much higher than with rhenium filaments.

For each experiment about 0.2 mg of finely powdered zircon is coated on
filament B (see Fig. 1) with two drops of a 1: 1 mixture of HF (48-519,) and
H,;PO, (859%,). The coated filament is then heated outside the ion source with
a 1.5 Amp. current; after about 10 minutes the intensity of the current is
increased to 2.0 Amp. and maintained so until all the white fumes have dis-
appeared. The insert unit is then introduced in the ion source of the mass
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Fig. 1. Diagram of an ingert unit.
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spectrometer. New filaments are used for each experiment. The preparation
of the zircon samples is described elsewhere (CHESSEX et al., 1964).

RESULTS AND DISCUSSION

In order to get reliable results for the age determinations two conditions
had to be fulfilled : one had to find a way to eliminate any background spectrum
at masses 204, 206, 207 and 208, and it was necessary to be sure that the
U-Pb; ages were not altered by common lead not incorporated in the crystal
lattice of the zircon. Common lead which is adsorbed on the surface of the
zircon or which is introduced during the preparation of the sample or the
coating of the filament will be referred to as “contaminating lead”, while lead
which is incorporated in the crystal lattice of the zircon (original common lead
and radiogenic lead) will be referred to as “zircon lead”.

When we proceed in the way described by KostoLaNYT (1964), i. e., degas-
sing the sample inside the ion source by heating first gradually filament A (see
Fig. 1) during about 10 minutes up to approximately 2000° C and then filament
B (see Fig. 1) to 700° C, and maintaining these temperatures during 20 minutes
before attempting to start the ionization process, we could never obtain a
thoroughly clean background. This difficulty can be overcome by heating first
filament A with a 4.5 to 4.7 Amp. current, this maximum value being reached
in about 10 minutes. Afterwards, filament B is heated with a 1 Amp. current
and those two intensities are maintained for at least 12 hours (overnight). The
current. on filament A is then shut off, and after the ion source has cooled down,
the current on filament B is very slowly increased until ionization begins.

Working according to this procedure results in a clean background in almost
every case. Nevertheless, even when there is apparently no background spec-
trum in the mass region between m/e 204 and m/e 208, one has to watch care-
fully for an eventual hidden background peak at mass 204; an unsuspected
background peak at that mass will naturally affect drastically the correction
which has to be performed for the occurrence of common lead. Figure 2 shows
a plot of the 207Pb./20¢Pb, ratio vs. the ionization current. Intensity readings
of the signals at masses 204, 206 and 207 were collected for increasing values
of the ionization current. The result of the experiment shows that the 2°7 Pb,/
206 Ph, ratio increases until the ionization current reaches approximately
1.85 Amp. The ratio then settles at a fairly stable value which remains unaf-
fected by further increasing the temperature of the filament. Such a behaviour
is a clear indication that there was an unidentified background peak super-
imposed on the 24Pb peak. The number of sets of peaks measured at each
value of the ionization current is also reported in Figure 2. From 1.85 Amp.
up to 1.98 Amp. the intensity of the ionization current was modified every
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Fig. 2. Plot of the 207 Ph,/208Pb, ratio vs. ionization current.

20 minutes. The error limits indicated in both Figures 1 and 2 are based only
on statistical fluctuations. The precision of the reported values is given at
959, confidence level.

It should be stressed that even when no signal is detected at mass 204.,.. e.,
when the intensity of the signal is below the detection limit of our instrument,
which is approximately equal to 4 X 10718 Amp., the same effect is sometimes
observed, but to a much lesser extent than for the example illustrated in
Figures 2 and 3.

The amount of ‘“‘contaminating lead” (lead adsorbed on the zircon and lead
which is introduced during the coating procedure with the HF/H;PO, mixture)
cannot be measured with this technique. However, our experiments show that
this lead does not behave in the same manner as does the “zircon lead”. At
any ionization temperature of the filament, the “‘contaminating lead” is
evaporated at a faster rate than the “zircon lead” and can therefore be eli-
minated during the ionization process. However, we could never observe the
appearance of a pure common lead spectrum at the very beginning of ionization ;
there is first a mixed spectrum of ‘‘contaminating lead” and “zircon lead”.

The concentration of common lead in the lead evaporating from the zircon
sample for which Figure 2 shows the 207 Pb;/2%6 Pb, ratio vs. current intensity,
is reported in Figure 3 for increasing values of the ionization current. Since
the 207 Pb,/?°6Pb, ratio shows a monotonous drift between 1.81 Amp. and
1.85 Amp. (see Fig. 2), the first four values reported in Figure 3 (those below
1.85 Amp.) do not represent the actual concentration of common lead. The
% of common lead continuously decreases to reach a minimum value toward
the end of the ionization process. The only way to ascertain that the minimum
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Fig. 3. Plot of the 9%, of common lead vs. ionization current.

value which is reached actually represents the concentration of original
common lead (incorporated into the crystal lattice) is to repeat the experiment
with the same sample, with different coatings. Two separate runs with the
zircon sample for which the results of one of the runs are reported in Figure 3
gave respectively 16.3 +1.29 and 14.9 + 1.3%, common lead.

In order to test the reliability of the technique we first compared our results
with those reported by STERN et al. (1966), for a zircon which had been ana-
lyzed according to the usual procedure, i. e., after the lead had been chemically
extracted. According to STERN et al., who sent us the sample, the zircon had
been washed with concentrated HNO, in order to remove as much ‘‘con-
taminating lead’” as possible before the lead was extracted and analyzed for
its isotopic composition.

Our results, reported in Table 1, indicate that there is less than 0.69,
common lead in that zircon, a result which is not in agreement with the one
published by STERN et al. But if one substracts from STERN’s results the com-
mon lead contributions to isotopes 206, 207 and 208, the agreement between
STERN’S results and ours is quite good. This clearly indicates that the 4.59
common lead which were reported were not “zircon lead”. The “contaminating
lead” was completely eliminated during the early phase of ionization. The
0.69%, common lead reported in Table 1 represents an upper limit. In actual
practice the peak at mass 204 had completely vanished before valid readings
were collected. The highest ion current which was obtained amounted to
5.305x 10714 Amp. (sum of ion beams 206, 207 and 208). With an electron
multiplier having a gain factor of 2 x 108, with an output resistance of 5x 108
ohms, this corresponds to a 530.5 mV signal on our recorder. Since the smallest
signal which we can differentiate from background noise is approximately
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Table 1. Comparative results obtained with a zircon sample by the direct ionization method
and by isotope dilution analysis on chemically separated lead

Concentra- Relative atomic abundance
tion ppm a9
U Pb 204PY, | 206Ph, | WTPhL | 208Ph % com- 206Pp, 1) ‘znvpb lzuspb
) mon lead o r t
i |
STtErN et al. | 406 | 139 | 0.067 ! 70.70 | 20.11 \ 9.12 \ 4.5 72.88 ‘ 15.98 | 7.07
1 i
This work — | — |0.008 ‘ R R - 0.6 72.76 | 20.56 | 6.70
J | ) £0.55%) | 041 | 0.34
- ! i L

) Pb = radiogenic lead.
2) Precision of theses values at 959 confidence level.

equal to 4.5 x 10-2mV, i. e., an ion current of 4.5 10718 Amp., the concentra-
tion of 24Pb in STERN’S sample cannot exceed 0.0089%,, otherwise we would
have detected a signal at m/e 204. The results of our experiment, which are
reported in Table 1, represent the averaging of the intensity measurements
performed on 73 sets of peaks?).

In Table 2 are reported results for two zircons (samples No. I and No. 2) from
Col des Gets (Haute-Savoie, France), for two zircons from the Mont-Blanc
Massif (samples No. 3 and No. 4) and for four rather old zircons (samples No. 5,
No. 6, No. 7 and No. 8) from Greenland3). The ages were calculated by using the
values computed by StiErF et al. (1959); the following physical constants
were used:

Decay constants WY = [.B83¢ 10710 g
BT = 9.592x10-19 yrl
282Th = 4.88% 1011 yr!
Atomic ratios
Common lead: 204 : 206 : 207 : 208 = 1.00 : 15.95 : 15.27 : 35.34

Uraniuam: 235 : 238 = 1.00 : 137.7
Atomic masses Ph: 203.973 205.974 206.976 207.977
U: 234.041 235.044 238.051

Th: 232.038

For all the zircons, Table 2 shows also the “total lead” ages which were
determined in our laboratory. The lead, uranium and thorium contents were
measured by X-ray fluorescence spectrometry; a detailed description of the
method is given in one of our previous publications (Buchs, 1962). In all the

2) Only. values which do not show a monotonous drift for increasing values of the
filament temperature are taken into consideration for the isotopic ratio calculations.

'3) As the present work is primarily concerned with the analytical aspect of the ioniza-
tion technique, no description of the samples will be given here.



515

U-Pb and Pb-Pb Age Determinations on Zircons

peroetap sem FOg ssew e yeod on ‘syiun] Joddn quesasdes senjea

oSOl 4

[ | | |
. 9e G g 68 7 | LE0 920 | FT0 | F
FIvI \ 0091 SPFL | SOSI 7 LT 618 | 668 ﬁ 6L°28 ‘ cz0'0 | oge ! 168 ReGT 8
A 06 ! ¥20 | 8T ﬁ Lo | ¥
0181 . Cgsl GEsI 0FS81 7 %G1 10°L | 92°6 [L°€8 | %810°0 691 811 L6¥ L
I % | ¢ €6 _ 910 €50 ¥G'0 =
0061 U 9661 _ GI6T 0908 | %60 €9 0F7 0T LTES | «F10°0 oIl e F1¢ 9
! _ |
e boog 8 A LE0 00 $50 LT0°0T ‘
e891 0191 c691 86HT 6'g ar's as's 16°28 £80'0 _ ¥0% ez1 2a9 g
LZ g 60T | 60 €90 | 630 290 ¢10°0F
GFE Foste | g1e gve | 16 6881 | 96 ZC0L ger o 681 | IEIT 9€ZE 2
F1 ¢ 26 | 60 09°0 €20 8C°0 FLOOT ! W
618 60€ £0g zes LG 8L°01 89°G a¥'E8 6800 | FIT | 009 768T %
A ¢ . 89 01| 090 ST 4 (5 w
€og epe | ee | a6¢ 9'¢T = O%'8I e&'L | G6'EL | TEBD 68 | €06 eLeT 7
0¢ | ¢ | 81 | 090 | 180 ‘ L0 | 930001 M
LB gz | 9'9% 0v'eE . 186 \ L6'F9 £6E°0 7 T
Z3 c m el ‘ 0 | 820 | g0 61070 b
£ve 863 992 7 — 2°9% 98FE | 9T6 | 19°69 CLED 98 | 1901 CEF1 I
| 7 _ 7 ! , |
| | | ; ”
. JBaf 09, Tmmromp 8£3/903 _MW%N\SN? Dol $0% m L0% h 907 _ 08 qd _ YL n
I - uouwImioo T T .Oz
; o W o wdd opduey
‘A ar Ul 803V * o ‘ s o
: QOUBPUNQER OIUWIO]EB SAT)B[AY UOI}BIJUIIUO; )
|

sabn pup mpp Poufipul g o[qR],




516 A. Buchs, R. Chessex, M. Delaloye, J.-C. Landry, J. Bertrand and M. Vuagnat

samples the isotopic composition of the lead reported in Table 2 represents
the average value of two runs. For sample No. 1 the individual results of both
runs are given. The error limits indicated in Table 2 are based only on statistical
fluctuations. The precision of the reported values is given at 959, confidence
level. The analytical error on the lead, uranium and thorium analysis by X-ray
fluorescence spectrometry has not been taken into account for the calculation
of the ages. For samples No. 6 and No. 7 the common lead content we report
represents an upper limit, calculated on the basis of the detection limit of our
instrument and the total ion current which was obtained for these measure-
ments; no peak at m/e 204 was in fact observed with these two samples.

The age patterns are concordant except for sample No.8 for which the
207 Pb, /2% Pb, age is significantly higher than the two U-Pb, ages. The rather
large errors which affect the 207 Pb,/?°¢ Pb, ages for samples No. 3 ( + 269%,) and
No.4 (+329,) are attributable to marginal ionization conditions during their
analysis. As the present work was primarily performed to explore the possi-
bility of using a modified version of KosroLaxyT1’s technique for dating zircons,
the validity of the ages as well as their geological implications will not be
discussed here.

The high content of original common lead in samples No. 1 and No. 2 has to be
compared with results reported by other authors. If generally, isotopic ratio
determinations on lead extracted from zircons have shown common lead
contents well below 109%,, various authors have nevertheless found higher
contents, ranging from about 129, up to as much as 409, (GRAUERT and
ARNoOLD, 1968; GRUNENFELDER et al., 1964; GRUNENFELDER, 1963; GoTtT-
FRIED et al., 1959; Hansox et al., 1966).

In order to correct the isotopic compositions for common lead we have
simply used the ratios given in the Chart of Nuclides (1963). These ratios are
certainly too low, especially the 206Pb/20*Pb and the 208 Pb/204Pb ratios. Since
we donot extract the lead prior to its isotopic analysis, it would have been useless
to choose the isotopic ratios one finds for lead extracted from chemicals used
during the separation procedure of lead from the zircons. It is therefore not
possible, without other data about the isotopic composition of lead found in
associated minerals, free of uranium and thorium, and having approximately
the same age as the zircons studied, to make a definite choice for these ratios?).
At any rate, if one takes into account values which are probably too high, like
for instance the following set: 204Pb:206Pb :207Ph: 208Ph = 1:19: 16: 39,
the ages reported in Table 2 would not be drastically affected. For example,
the 206 Pb, /238U age of sample No. 1 would be lowered by 29, and the 207 Pb, /235U

age by 59%,.

1) The problem of an appropriate choice for the isotopic composition of common lead
is not discussed here; it is beyond the scope of this paper.
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CONCLUSION

We agree that there is no direct proof that all the “contaminating lead” is
eliminated during the ionization, i. e., that the common lead which is found is
truly part of the “zircon lead”. Nevertheless, on the basis of the results which
have been obtained, especially with STErRN’S sample and with three of the
four zircons from Greenland (samples No. 6, No. 7 and No. 8), we think that it is
highly plausible that by using the method described here, the “contaminating
lead” can be totally eliminated. Of course, one should be careful not to begin
using readings before all the isotopic ratios remain constant at different
temperatures of the filament.

It can be concluded that this method, in connection with the determination
of U, Th and Pb by X-ray fluorescence spectrometry, provides a useful way
to date zircons, at least when they contain more than about 80 ppm of lead.
This limitation is imposed by both the necessity of obtaining ion beams with
enough intensity and the limited accuracy of X-ray spectrometry for the lead
content determination. However it should be stressed that it is sometimes
impossible to obtain reliable results, even when the lead concentration exceeds
80 ppm. This was observed mainly with a series of zircon samples from the
Mont-Blanc Massif. For about 309%, of the Mont-Blanc zircons it was not
possible to obtain well controlled ion beams, appearing with enough intensity
so as to allow reliable age calculations to be performed. It should also be
noted that the best ionization conditions (rate of heating as well as temperature
of the ionization filament) change from run to run, even with the same zircon
sample. No attempt has yet been made to correlate these difficulties with
some physical property of the zircon sample.

The determination of lead, uranium and thorium by spark source mass
spectrometry can certainly increase the value of this method. The minimum
amount of sample which is presently needed with zircons containing about
100 ppm of lead, is limited by the necessity to have at least 150 to 200 mg of
sample for the X-ray fluorescence analysis of U, Th and Pb. The use of spark
source mass spectrometry will improve the method in regard both to accuracy
and sample consumption. Some experimental work is presently undertaken
with a spark source mass spectrometer.
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