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DATING OF POLAR ICE BY 328i

By HEnrIK B. CLAUSEN

(Geophysical Isotope Laboratory, University of Copenhagen, DK 2200 Kebenhavn,
Denmark)

ABsTRACT. 32Si dating of glacier ice has hitherto been complicated by the poor knowledge of the half life.
Furthermore, fall-out of bomb-produced 32Si impedes the determination of the specific activity of cosmic-ray
produced 3251 in recent precipitation, Measurements on well-dated pre-bomb samples from the Greenland
ice sheet establish a calibration for 325i dating of up to 1 000 year old polar ice samples of the magnitude of
1 metric ton. If the technique is used on temperate glaciers, samples of pre-bomb deposits (or from after 1970)
must be collected for comparison with samples of old ice, using an apparent half life of 295 |- 25 years. Due to
secular cosmic-ray flux variations, the true half life of 325i is estimated at the slightly higher value of 330+ 40
years.

Risumi. Datation de la glace polaire par 325i. La datation de la glace de glacier au 328i a, dans le passé,
été compliquée par une connaissance imprécise de la période de cet élément. De plus, les retombées de 32Si
produites par les bombes nucléaires, génent la détermination de I'activité spécifique du 32Si produit par le
rayonnement cosmique dans les précipitations récentes. Les mesures d’échantillons bien datés, antérieurs a
la bombe, provenant de la calotte Groenlandaise, permettent d’établir une échelle pour les datations au 3281
pour des échantillons de glace polaire allant jusqu’a 1 ooo ans d'age, et d’un poids de 'ordre de la tonne
métrique, Si la technique est employée sur des glaciers tempérés, il faut recueillir des échantillons issus de
dépots antérieurs a la bombe (ou postérieur a 1970) pour les comparer a des échantillons de vieille glace, et
tenir compte d’une période de 295425 ans. En raison des variations séculaires du flux de rayonnement
cosmique, la véritable période du 325i est estimée a une valeur légérement supérieure soit 330 + 40 ans.

ZUSAMMENFASSUNG. Datierung von Polareis mit 325i. Die Datierung von Gletschereis mit 3281 war bisher
durch die unvollstindige Kenntnis der Halbwertszeit erschwert. Weiter behindern die von Bomben hervor-
gerufenen 32Si-Ausfille die Bestimmung der spezifischen Aktivitit des durch kosmische Strahlung entste-
henden 3251 in rezentem Niederschlag. Messungen an genau datierten Proben des gronlindischen Inlandeises
aus der Zeit vor den Bombenabwiirfen erlauben eine Kalibrierung der 32Si-Datierung fiir bis zu 1 ooo-
jahrigen Polareisproben in der Grossenordnung von einer Tonne. Wenn das Verfahren fur temperierte
Gletscher verwendet werden soll, miissen zum Vergleich mit Proben alten Eises Proben aus Niederschligen
aus der Zeit vor den Bombenabwiirfen (oder aus der Zeit nach 1970) gesammelt werden, wobei eine schein-
bare Halbwertszeit von 295425 Jahren zu verwenden ist. Infolge der sikularen Schwankungen der
kosmischen Strahlung wird die wahre Halbwertszeit von 325i geringfigig hoher auf 3301 40 Jahre geschiitzt.

THE use of cosmic-ray produced 32Si for dating of ice and water (Lal and others, 1960;
Clausen and others, 1968; Lal and others, 1970) has hitherto been complicated by the poor
knowledge of the half life. The literature contains several estimates ranging from 6o to 710
years (Turkevich and Samuels, 1954; Geithof, 1962; Honda and Lal, 1964; Jantsch, 1967),
all of which are based on assumptions about unknown cross-sections of nuclear processes
leading to the formation of 325i. Direct measurement of the half life has not been attempted,
mainly because of the difficulty in determining the number of 325i atoms in the small samples
obtainable.

This work presents calibration curves for 328i dating of polar ice, independent of the half
life and possible temporal changes in the production rate of 32Si. With reasonable assumptions
about the production-rate changes, the calibration curves lead to an estimate of the half life,
independent of cross-section considerations.

325] is cosmic-ray produced in the atmosphere by argon spallations (Lal and others, 1960)
and is scavenged from the atmosphere by rain and snow. The rate of production has been
estimated at 1.7 X To—+atoms cm—2s~' (Lal and others, 1960) and at 1.2 X 107* atoms cm 2 s~!
assuming a half life of 300 years (cf. Dansgaard and others, 1966[a], p. 5476). At latitudes
higher than 30°, the specific 32Si activity of precipitation is expected to be approximately 20
dph/ton, essentially independent of latitude (Dansgaard and others, 1966[a], p. 5476, [b],

fig. 1).
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The snow- and ice-pack in the high-altitude regions of the Greenland ice sheet contains
many thousands of annual layers of precipitation, accumulated without run-off or mixing.
They can be dated by ice-flow considerations (Dansgaard and Johnsen, 1969) or by counting
180)/160) summer maxima downwards from the surface (Johnsen and others, 1972). A total of
13 firn and ice samples were collected, melted and chemically prepared for extract:on of 325i.
Data obtained on these samples are listed in Table I. Comments on the individual columns
are given below.

TasLE 1
1 2 3 4 & 6 7 8 9
Weighted
mean
Sample Age Time Mass Silicic Net counting Specific specific
numbers Depth years interoal metric acid rate activily aclivity
m B.P. years tons g cph dph/ton dph/ton
1 3 3 3 0.93 8.1 5.7-£0.5 16.04-2.1 16.04-2.1
2 25 45 10 10.0 47.0 41.34+2.0 18.6+2.0 19.6-4 1.1
40.5+ 2.0 19.61+2.2
48.6-+2.0 21.64+-2.4
658+ 1.0 19.24+1.9
3 46 90 22 0.18 1.2 0.7440.17 18.3+4.6 18.34 4.6
4 55 115 22 0.40 3.5 2.8 406 22.0+5.0 22.0+5.0
5 92 130 6 0.92 10.2 3.8 403 14.14+1.8 14.14+1.8
6 63 136 20 0.40 3.4 2.4 0.3 10.1+2.4 16.14 2.4
7 71 157 22 0.50 3.9 3.9 Loz 16.9+2.0 16.9+2.0
8 87 199 22 0.50 4-9 2.4 +0:2 13.2-£ 1.7 13.24 1.7
9 95 222 22 0.55 5.0 2.5 +0.3 13.9+2.1 12,44 1.4
2.9 +0.3 10.8-4 1.7
10 192 335 7 1.4 12.3 3.0 405 5.7 1.1 5-7k1.1
11 175 470 8o 0.40 3.4 0.78+0.15 5.441.2 5.0+ 1.0
0.64+0.16 6.4-+1.7
12 289 545 9 K 10.5 2.2 404 5.7E1.1 5.4-+0.8
2.7 4+0.5 5.0+ 1.0
13 364 712 7 1.4 11.9 2.0 +0.4 3.9+0.8 3.8+0.5
2.8 +o.5 4.1+08
2.2 +0.4 3.440.8

1. Sites of collection. Sample Nos. 1-5, 10, 12 and 13 originate from a pit and a bore hole
at the Dye 3 station in south Greenland. These bore-hole samples are identical to samples
collected for #C: dating by Hans Oeschger’s group from the University of Bern (4G data will
be reported later). The rest of the samples originate from a 100 m deep trench with slope of
1 : g, at Camp Century, north-west Greenland, but No. 11 is from a bore hole at the same
location.

2. The depth is for Camp Century the distance from the 1966 summer layer to the ice sample
in situ, for Dye g the distance from the 1971 surface to the sample. In order to exclude con-
tamination with bomb-produced 328i (Dansgaard and others, 1966[a]), the samples were
collected from layers below the 1945 horizon, except the surface sample from Dye 3, which
represents the accumulation from the summer of 1968 to the summer of 1971. In this period
the fall-out of bomb-produced 32Si has dropped to negligible values (Dansgaard and others,
1966[al).

3. The age T is the time elapsed since the deposition of the samples. As for the Dye 3
samples, the ages are determined by counting summer maxima from the surface in a complete
1830/160) record spanning 741 years. The accuracy of these datings is better than +10 years.
The Camp Century samples are dated by using the formula (Dansgaard and Johnsen, 1969)

(2H—h)«rl 2H—h
T ay—h’
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H = 1 367.5 m of ice being the total thickness of the ice sheet, and y m of ice being the present
distance of the sample from the bottom, both corrected for the low densities in the upper layers.,
h = 400m is the distance from the bottom, above which the horizontal velocity profile is
considered uniform (below h = 400 m this profile is assumed to vary proportionally to y,
which is not essential for this work). Ag/r = 0.35 m of ice/year is the present annual accumu-
lation rate (Crozaz and Langway, 1966) which has been shown to be representative for the
entire depth interval considered here (Johnsen and others, 1972, fig. 2). The accuracy of
these datings is probably better than --59%,.

4. The time interval A represented in each sample is calculated from the known length of
the sample using cither the O/1°O record or the formula above. Each sample is collected so
as to represent many years of snow accumulation in order to smooth seasonal variations in the
3281 deposition rate (3.5 times higher in summer than in winter; Dansgaard and others,
1966[b]). Furthermore, whenever possible the samples represent two 11 year solar cycles in
order to reduce possible influence of short-period variations in the cosmic-ray intensity.

5. Amount of sample. Field preparation. Due to the low specific activity of snow, huge amounts
of ice (hundreds of kilograms) are required for dating purposes. In the field, preliminary
chemical concentration of 28i takes place in drums containing the melt water, acid Fe(l,
solution and inactive silica carrier. Addition of ammonia in excess produces a precipitate of
Fe(OH);, which scavenges all silica from the water. The field preparation is completed by
concentration of the precipitate by filtration.

6. The silicic acid is recovered from the precipitate in the laboratory. After drying, the iron
and silicon components are separated in boiling hydrochloric acid. To bring all silica into a
soluble state, the remaining precipitate is melted in liquid sodium hydroxide (at ¢. 320° C)
containing a few per cent of sodium nitrate to oxidize possible organic contaminants. After
recovering the silicon components as silicic acid by adding hydrochloric acid to the melt
dissolved in water, it is heated to 800° C in an electric oven.

7- The net counting rate. The radioactivity measurements are carried out on the daughter
3P, because it is better suited for detection due to its high g energy 1.7 MeV (compared with
0.1 MeV for 325i), and for identification due to the short and well-known half life of 14.3 d.
During 2 months of storage, the ignited silicic acid builds up 32P to mere than 95% of the
cquilibrium value. The chemical extraction of 32P from the silicic acid has been described in
detail by Lal and others (1960). The 8 measurement is carried out on approximately 15 mg of
Mg, P,0, in a small counter of the Lal type (Lal and Schink, 1960) modified by S. J. Johnsen.
The counter background is =~ 1.5 cph for a counting area of 0.5 cm2. The counting efficiency
is approximately 50, for a 27 geometry with 0.1 mm tungsten backscattering. Figure 1 gives

Cph i T T T | T T T T T T T T ‘ r1TTT " T T Ii
5'0;\‘ Camp Century ice. Age 136 years i
30f } t ‘{E{“}\\Nhf # i
] S background-—-777~—————L———}}:§=
10+ NT 4

0 1 1 | O S A S VA O S (e |
0 0.1 05 1 15 2 253 L=

Fig. 1. Total counting rale (cph) of a phosphate sample isolated from the silicates. The net counting rale is due to the 3251
daughter 32P that is built up close to equilibrium after 2 months. The 32Si activity of the ice sample is calculated from the net
counting rate for T — o after correction for counter efficiency, ele.

https://doi.org/10.3189/50022143000031828 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000031828

414 JOURNAL OF GLACIOLOGY

an example of the total counting rate of sample 6 plotted as a function of exp (—AT), A
being the decay constant of 32P and T the time since separation of 2P from the silica. The
straight line is determined by the method of least squares. The difference between the inter-
section of this line with ordinates for 7 = 0 and T = oo gives the net counting rate of the
sample at the time of isolation. The ordinate for T = o0 gives the background of the counter
plus the contribution of possible long-lived impurities.

8. The specific activity is obtained from columns 5 and 7 after correction for counter efficiency
and chemical yield. The stated uncertainties include the uncertainties on the latter para-
meters.

9. The weighted mean specific activities are plotted versus age T in Figure 2. The (extra-
polated) surface value is 232 dph/ton at Camp Century and 16.5+1.5 dph/ton at Dye 3.
The former value may be representative for north and north-west Greenland, because another
sample from mid north Greenland (Inge Lehmann) indicates 27-£3 dph/ton. Similarly, the
Dye 3 value may be representative for East and south Greenland, because a sample from mid
East Greenland (Jarl Joset) indicates 19-+3 dph/ton.

dph|
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Fig. 2. The specific 3Si activity (disintegrations per hour per ton) of firn and ice samples plotted as a function of the time since
deposition. Dating of old ice should be based on the apparent half life of 295 years and on the specific activity of a sample of
recent deposits.

The two lines are calculated by the method of least squares. The slopes of the two lines
correspond to apparent half lives of 260440 and 330435 years for 328i. The difference is not
significant and 29525 years is adopted as the best estimate of the apparent half life of 3251
for dating of ice in Greenland. As to west Antarctic ice, the same apparent half life can
probably be used along with a specific 32Si activity of recent precipitation of 25-+2 dph/ton,
as indicated by a preliminary measurement on pre-bomb firn from “Byrd” station.

When used on up to 1 000 year old ice samples of the order of 1 ton, the technique des-
cribed above gives datings with an estimated uncertainty of +6o years. Ice older than 1 000
years may be dated by using correspondingly higher amounts (a factor of 2 higher for each
300 years beyond 1 000 years).
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Measurements on recent material from temperate glaciers in Norway (Dansgaard and
others, 1966[b]) and Austria (Clausen and others, 1968) gave somewhat higher values (28 and
50 dph/ton). These samples were collected in 1962 and 1966 respectively and were probably
contaminated with bomb-produced 328i. Therefore, if the technique is applied outside
Greenland and west Antarctica, a recent reference sample should be collected so as to repre-
sent net accumulated material from prior to 1952, or, if impossible, after 1970, assuming
negligible fall-out of bomb-produced 328i in the present decade. If only a short time interval
of deposition can be represented, it must be a whole number of years. In all cases, any kind of
solid matter present in the samples should be included in the chemical preparation to account
for possible adhesion of 328i to solid particles.

The apparent half life of 295--25 years, suggested by the data in Figure 2, should be
applied for dating of cold as well as temperate glaciers.

The true half life of 32Si is probably a little higher due to secular changes of the cosmic-ray
flux and, therefore, of the natural 3281 production in the atmosphere. Unfortunately, the
temporal change in the cosmic-ray flux is still an unsolved problem. However, short time
variations (i.e. up to several hundred years) would show up in Figure 2, if essential. For
example, one may expect that the 400 year oscillation observed in the “C/12C ratio in tree
rings (Suess, 1970) would appear in Figure 2, if due to cosmic-ray flux variations, the more so
as the 325i fall-out is not subject to attenuation, as is the 4C/12C ratio in the atmosphere (due
to CO, exchange with the oceans). The reason why the data do not oscillate with a period of
400 years may be either that the corresponding variation in the #C/12C ratio is not caused by
varying cosmic-ray flux or that the cosmic-ray component producing 32Si varies much less
than that producing *+C.

On the other hand, the slope of the line in Figure 2 may be influenced by the long-term
variation (8 goo year period) in the cosmic-ray flux caused by oscillating geomagnetic moment
(Bucha and Neustrupny, 1967). During the last 700 years the geomagnetic moment seems to
have decreased by 259, (Bucha, 1970), which corresponds to a 10%, increase of the 1+Ci pro-
duction, according to Lal and Venkatavarandan’s (1970, fig. 4) calculations.

Let us assume that the production and fall-out of 32Si has also increased by 109,. This
means that the half life of 295-f-25 years from Figure 2 is a little lower than in the case of
the unchanged 32Si production rate. The corrected half life therefore appears to be 330440
years, the higher uncertainty being used to account for the difficulty in estimating the correc-
tion term.
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