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Radioactivity of Potassium

and Geologic Time

During the past few years, consider-
able attention has been given to the pos-
sibility of dating minerals by the decay
of potassium into argon. The two prin-
cipal problems involved have been the
uncertainties in the radioactive decay
constants of potassium and in the ability
of minerals to retain the argon produced
by this decay. In this article the current
status of these problems is reviewed, and
the results of new investigations into
them are reported.

The emission of beta particles by po-
tassium was discovered by J. J. Thom-
son in 1905 (). In 1928 Kohlhorster
(2) observed gamma radiation as well.
The subsequent growth of nuclear theory
led Klemperer (3) and Newman and
Walke (4) to predict that the radio-
activity should be assigned to an un-
known isotope of potassium, probably
of mass 40. This isotope was discovered
by Nier (9) in 1935.

In 1937, C. F. von Weiszicker (6)

pointed out that K#° should also be ex-’

pected to decay by orbital electron cap-
ture to A%, and noted that this would
explain the anomalously high abundance
of A% in the atmosphere. He also pre-
dicted that old minerals containing po-
tassium should contain highly radiogenic
argon. The existence of radiogenic argon
in potassium minerals was actually dem-
onstrated by Aldrich and Nier in 1948
(7), thus proving conclusively the decay
of potassium to argon. Subsequent count-
ing experiments by Sawyer and Wieden-
beck (8, 9) and mass measurements by
Johnson (10) have established the decay
scheme shown in Fig. 1.

The possibility still exists that there is
a small amount of electron capture di-
rectly to the ground state of A*°. By
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combining the limits set by Bell and
Cassidy (11) in a search for positron
activity from K% with theoretical values
for the positron-to-electron capture ratio
given by Fireman (I2), it can be cal-
culated that less than 10 percent of the
decay is directly to the ground state. By
use of the nuclear matrix clements for
the similar beta decay of A%0 to Ca%?,
together with the theory of electron cap-
ture as given by Major and Biedenharn
(13), the fraction of the electron cap-
ture going directly to the ground state
of A*® has been estimated to be 5 per-
cent. However, the uncertainties in this
calculation are such that the value could
be in érror at least an order of magni-
tude. Thus, there is no definitive evi-
dence on this question at the present
time. If it is assumed that the rate of
electron capture directly to the ground
state of A%0 is negligible, then the meas-
urement of the specific gamma activity
will give the rate of electron capture.
This ‘assumption is made in this article.

Measurement of Mineral Ages by the
Potassium-Argon Method

The potassium-argon age of a mineral
is related to its radiogenic argon con-
tent through the relationship

1 e+ hg Am)
t—7xe+7wln(1+ e K9

where A% is the concentration of radio-
genic asgon; K0 is the concentration of
potassium-40; X, is the decay constant
for electron capture to A%; and As is the
decay constant for beta decay to CatC.

Partial differentiation of this equation
with respect to A, and As shows that the
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error in the calculated age of a mineral
is much more sensitive to an erroneous
value of %, than it is to a comparable
error in Ag, as has been discussed previ-
ously (14). As a result of this fact, the
present experimental uncertainty in the
value of s (about 10 percent) does not
result in any serious uncertainty in the
potassium-argon age calculations, while
the range . of .expetimental: values of 2,
(about 30 percent) is quite serious. It
should also be noted that A, enters into
the equation in three places, once outside
the logarithmic expression and twice in-
side. However, since %, is of the order
of 0.1Xs, the calculated age is sensitive
to A, only where it occurs alone in the
denominator of the logarithmic expres-
sion. Here it occurs as a product - K0,
so if the specific gamma activity of nat-
ural potassium is determined experimen-
tally, the value of this product will not
be affected by any uncertainty in the
isotopic abundance of K#° in natural
potassium.

A principal difficulty in the applica-
tion of the potassium-argon method has
been the uncertainty in the value of the
specific gamma activity. A summary of
the experimental values for the specific
gamma and beta activities is given in
Table 1. These values scatter widely.
The other major uncertainty has been
the fraction of argon which has been re-
tained by the mineral during the time
since its formation. Although it has
proved to be difficult to answer both of
these questions by measurements with
minerals, some conclusions can be drawn
from comparisons of potassium-argon
ages with ages obtained by other meth-
ods (14). Briefly, these are that the spe-
cific gamma activity is greater than 3.2
gammas per gram, per second, and that
feldspars have lost up to half ‘of their
argon during the time since their for-
mation. On the other hand, mica seems
to retain nearly all its*argon. However,
it has been shown :by“Wasserburg (15)
that it is very difficult to distinguish be-
tween an erroncous value of A; and a
small amount of. argon loss. Therefore
a definitive answer to the problem of
the decay constant and the argon re-
tentivity requires an accurate laboratory
determination of the specific gamma
activity.

The author is a staff member at the department
of terrestrial magnetism, Carnegie Institution of
Washington, Washington, D.C.
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Measurement of
Specific Gamma Activity

Most previous determinations of the
specific gamma activity have made use
of counting techniques which did not
distinguish between the ionization pro-
duced by the gamma ray itself and other
sources of ionizing radiation. Since K*°
has a single gamma ray, and since ac-
curate corrections can be made for inter-
fering phenomena such as bremsstrahlung
and background, this has not been a seri-
ous limitation in the counting of this
particular gamma ray. However, it is al-
ways necessary to know the efficiency of
the counter for gamma rays of this en-
ergy (1.46 Mev), and this requires cali-
brating the counter with gamma rays
from sources of known specific activity.

Unfortunately, all the standard sources
for this energy either have more than one
gamma ray in their spectrum or involve
an uncertainty in the fraction of the dis-
integration which involves the emission
of the standard gamma ray. For example,

Table 1. Determinations of the specific
gamma and beta activity of natural po-
tassium.

Activity

Investigators

v/g sec B/g sec

Gleditsch and
Graf (24)
Graf (26)
Ahrens and
Evans (27)
Hess and
Roll (28) 2.6
Stout (29)
Sawyer and
Wiedenbeck
(8) 2.88 £0.3t
Spiers (30) 2.97 30.5
Faust (31) 3.6 +0.4 31.2+3.0
Graf (32) 3.4 +05
Houtermans,
Haxel, and
Heintze (33)
Smaller, May,
and Freed-
man (34)
Sawyer and
Wiedenbeck
(9) ) 28.3+£1.0
Good (35) 27.1+£0.6
Delaney (36) 32.0+3
Burch (37)
Suttle and
Libby (17)
Backenstoss and
Goebel (38)
McNair, Glover
and Wilson
(18) 3.33 £0.15%
This article 3.39+0.12

36 +0.38
26.8+1.2

3.42+£0.07%

30.6+2.0

3.1 £0.3 27.1%£1.5

225+0.7

3.37£0.09
2.96+0.3 29.6+0.7

3.50+0.14

* Recalculated using E, =.1.46 Mev.

+ Recalculated using )‘7/)‘;9:0‘20 for K42,

* Recalculated using their Ne/Ng =0.121 and their
specific beta activity of 27.5/g sec.
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Sawyer and Wiedenbeck (8) used K42
for a standard, using a source of known
absolute beta activity and mixing the
radioisotope with the potassium chloride
that was used for the counting of nat-
ural potassium. The energy of the K#2
gamma ray is almost the same as that of
K40, and since K*2 was mixed with the
potassium chloride, all errors owing to
self-absorption, scattering, and geomet-
rical uncertainties are eliminated. Saw-
yer and Wiedenbeck assumed that the
1.49-Mcv gamma ray occurs in 25 per-
cent of the K*2 decays. However, this
value has little experimental support,
and, in view of the wide range of values
found for this quantity (16), the uncer-
tainty in the specific gamma activity of
a K*2 source is as great as the uncer-
tainty in the specific gamma activity of
natural potassium and thus is hardly suit-
able for use as a standard.

Other workers—for example, Suttle
and Libby (17)—have used cobalt-60 as
a standard. However, here there are two
gamma rays, and the efficiency calcu-
lated will be that of some average energy
intermediate between the gamma ray en-
ergies of 1.17 Mev and 1.33 Mev. Then
it is necessary to extrapolate the effi-
ciency at this uncertain energy to the
energy of the potassium gamma ray,
1.46 Mev.

The difficulties involved in the use of
sodium-24 are even greater, for the two
gamma rays are widely separated in en-
ergy, 1.38 and 2.76 Mev. Difficulties of
this sort are sufficiently serious to ac-
count for the wide spread in experimen-
tal values shown in Table 1.

Recently McNair, Glover, and Wilson
(18) have reported a measurement of
the specific gamma activity of natural
potassium which eliminates some of these
difficulties by use of a thallium-activated
sodium iodide scintillation spectrometer
which permitted them to use sodium-24
as a standard since they could single out
those counts caused by the 1.38-Mev
gamma ray. They obtained a value of the
specific gamma activity of 3.33 gammas
per gram, per second, which is about 3
percent higher than the value deter-
mined from the radiogenic argon con-
tent of mica (/4). Although this experi-
ment is superior to previous ones, there
are still two possible objections which
may be raised against it. The first is the
necessity of guessing the difference in the
efficiencies of the counter at 1.38 and
1.46 Mev. The second is that the cal-
culated value for the specific gamma
activity depends on their measurement
of the specific beta activity of natural
potassium, which is also a somewhat
difficult experiment. This arises from the
fact that their experiment was designed
to determine the branching ratio 1./%s
rather than X, itself.

In order to eliminate these difficulties,

149+.07 Mev [y 146 8124 1.30+.07 Mev
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_L 40 Ca
——a

Fig. 1. Potassium-40 decay scheme.
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Fig. 3. Potassium-40 gamma-ray spectrum.

the present experiment makes use of
Co® as well as Na2¢, thus determining
the efficiency of the system at 1.17, 1.33,
and 1.38 Mev. This permits a measure-
ment of the variation of the efficiency
with energy as well as the determination
of the absolute efficiency at one energy.
In addition, the absolute activity of the
Cof® and Na?* sources themselves was
known. The Co® and Na2¢ standard
solutions were obtained from the Na-
tional Bureau of Standards. The Na2+
solution had been standardized by abso-
lute 27 beta counting as well as with a
4m gamma ionization chamber previ-
ously calibrated by 4w proportional
counting. The Co% standard had been
compared with a primary cobalt solu-
tion in a 47 gamma ionization cham-
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ber. The primary cobalt solution had
been standardized by 4w beta counting,
beta-gamma coincidence counting, and
gamma-gamma coincidence counting.
Since these sources had high specific
activities, more accurate beta counting
techniques could be employed than could
be used to count the K0 beta particle, as
was done by McNair, Glover, and Wil-
son.

Figure 2 is a diagram of the counting
apparatus. Reagent-grade potassium ace-
tate (1198 grams) was dissolved in water
to a combined weight of 1694 grams. The
potassium concentration of this solution
was checked by mass spectrometric iso-
tope-dilution analysis and it agreed with
the gravimetric value within 1.5 percent.
Two hundred and forty-two grams of
this solution was poured into the poly-
ethylene counting bottle, which was then
placed above the 3- by 3-inch Nal (T1)
crystal (Fig. 2). The counting bottle was
held 2 inches above the crystal by a
polystyrene support. This reduced the
efficiency of the counter by a factor of
approximately 2, and thus reduced unde-
sirable effects owing to coincidences by
a factor of 4. The entire apparatus was
surrounded by a lead shield 3 inches
thick. A single-channel pulse-height ana-
lyzer was used to obtain the spectrum
shown in Fig. 3.

The peak in the spectrum is known as
the “photopeak” and represents all those
1.46-Mev gamma rays which lose all of
their energy in the crystal. The 1.46-Mev
gamma ray was then counted by setting
the bias of the pulse-height analyzer so
that all pulses of higher voltage than the
minimum (35.3 v) were counted. The
background was determined in the same
way, but with water instead of potas-
sium acetate in the counting bottle. (The
same background was found even when

Table 2. Potassium counting data (1
unit = 64 counts per 100 seconds).

Item ~PData

Integral counting
rate of potassium
acetate soln.

>353v 4.425 + 0.01 units
Less background 2.205 :
Difference 2.22 units
Correction: photo-

peak < 35.3 v +0.04

Total photopeak 2.26 *0.02 units

Wt. of K in potas-

sium acetate soln. 68.3 g
Specific activity of
soln. 0.0212 count/sec

gof K
Efficiency (deter-
mined from

Fig. 6) 0.625 + 0.020 %
Specific activity of :
natural K 3.39 +0.12
v/g sec
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Table 3. Sodium-24 counting data (half-life = 14.96 hours; activity = 10,900 + 2 percent
disintegrations per second; 1 unit = 64 counts per 100 seconds).

Correction

Net correction
Net photopeak

Item (units) Data

Integral count > 35 v 134.18 +0.2 units
Less potassium + background 4.63 +0.1
Difference 129.55 +0.2 units
Counting rate corrected for decay 337.5 £0.2 units
Integral count > 40 v 87.28 +0.3 units
Less potassium + background 3.37 0.2
Difference . 83.81 +0.4 units
‘Counting rate corrected for decay 223.4 £0.4 units
Counting rate 35 to 40 v 114.1  %0.5 units
Corrections

Uncounted photopeak < 35 v + 6.9+0.4 "

Uncounted photopeak > 40 v + 4.9+0.4

Compton tail from 2.75-Mev y -153%x1.2

-35 +1.3 units
110.6 % 1.4 units

Correction factor for counts lost because of coin-

cidences between 1.38- and 2.75-Mev gammas
Photo efficiency [(110.6/10,900) x 0.64 x 1.007]

1.007
0.653 = 0.015%

the counting bottle was removed). The
stability of the pulse-height analyzer was
checked periodically using standard
gamma ray sources, and errors in the in-
tegrated photopeak count owing to drift
in the bias were found to be negligible.
The results of this counting are shown
in Table 2.

The efficiency of the counter was
measured by mixing standard Na24 and
Co®® sources of relatively high specific
activity with the potassium acetate. The
spectra obtained with these sources are
shown in Figs. 4 and 5, after subtraction
of small contributions caused by back-
ground and potassium acetate.

The Na2?* spectrum is relatively sim-
ple; the only complication is the contri-
bution of the low-energy tail of the 2.76
Mev peak, which can be evaluated by
measurement of the residual counting
rate at the minimum of the 1.38-Mev
photopeak and just above the 1.38-Mev
photopeak. The “photoefficiency” of the
1.38-Mev gamma ray is determined by
the difference between integral counts
above 35 volts and integral counting
above 40 volts and then by applying cor-
rections, as shown in Table 3. It should
be emphasized that the calculation of the
photoefficiency does not depend in first
order on the experimental determination
of the gamma ray spectrum (Fig. 4) but
depends on the integral counting rates.

The Co®° spectrum (Fig. 5) is more
complex because of the two gamma rays
(1.17 Mev and 1.33 Mev) which are in-
completely resolved. However, it was
possible to employ the same techniques
in this case. Integral counts were taken
above 34 and 40 volts for the 1.33-Mev
peaks and above 28 volts and 34 volts for
the 1.17-Mev peak. The portion of the
1.33-Mev peak which lay below 34 volts
was determined by assuming that the

1.33-Mev Co®° peak has the same shape
as the 1.38-Mev Na2?* peak. Subtracting
out the 1.33-Mev peak found in this
way from the measured Co%® spectrum
gives the 1.17-Mev peak. A check is pro-
vided by comparing the calculated 1.17-
Mev Co®® peak with the photopeak of
the 1.12-Mev gamma ray from zinc-65.
The shapes of the two peaks were iden-
tical within experimental errors. The
measured counting rates, together with
the corrections, are shown in Table 4.
The calculated efficiencies at the three
energies 1.17, 1.33, and 1.38 Mev are
plotted in Fig. 6. The curve through
these three points is extrapolated to 1.46
Mev, and the efficiency at this energy is
found to be 0.625 £ 0.020 percent. If the
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Fig. 4. Sodium-24 gamma-ray spectrum.
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true efficiency lies outside these limits, it
would require a sudden change in the
efficiency-versus-energy curve. Since the
fundamental processes for the interaction
of gamma rays with matter vary con-
tinuously with energy, and since the
curve depends on these fundamental
processes in a complex way, such a sud-
den change would not be expected. By
use of the efficiency found in this way,
together with the counting rate shown in
Table 1, the specific gamma activity of
natural potassium was found to be 3.39 £
0.12 gammas per gram, per-second.
This result is in agreement with the
result -of McNair, Glover,: and Wilson
(18) (3.33 £0.15 gammas per gram, per
second ). and is about 4-percent higher

than the result obtained by measurement
of the radiogenic argon content of mica
samples of known age (I4).

Retention of Argon by Minerals

Using this value of the specific gamma
activity, and assuming that electron cap-
ture directly to the ground state is negli-
gible, the measurements on geologic ma-
terials may be used to evaluate the extent
to which minerals have been able to re-
tain radiogenic argon during geologic
time. As has been discussed previously
(14, 19), the most reliable absolute ages
are those based on pegmatitic uraninite
giving concordant uranium-lead ages—
that is, the age calculated from the ratio
Pb206/1J288 agrees with the age calcu-
lated from the ratio Pb207/1J235,

Wasserburg and Hayden (14, 20, 21)
and workers at this laboratory (14, 19)
have published the results of measure-
ments of concordant uranium-lead ages
together with potassium-argon measure-
ments from cogenetic mica and feldspar.
Since the age of the mineral is known,
the fraction of radiogenic argon retained
can be calculated. The results of these
¢alculations are shown in Table 5. From

‘the data presented in Table 5, it may

Table 4. Cobalt-60 counting data (activity = 8550 + 1 percent disintegrations per second ;

1 unit = 64 counts per 100 seconds.

Item Cczrlfz:}tt;on Data
A.1.33-Mev peak

Integral count > 34 v 89.3 units
Less integral count > 40 v 8.8
Counting rate 34 to 40 v 80.5 units
Less background + potassium 2.1
Difference 78.4  *0.5 units
Corrections: ‘

Uncounted photopeak > 40 v + 0.2+0.2

Uncounted photopeak < 34 v +11.9+0.6

Coincidences 34 to 40 v - 26+0.3

1.17-Mev photopeak under 1.33-Mev peak - 1.3+£0.3

Net correction :
Total 1.33-Mev photopeak

+8.2 0.8 units
86.6 =+ 1.0 units

Correction factor for counts lost because of coin-

cidences between 1.17- and 1.33-Mev gammas

Efficiency

1.030
0.668 +0.013 %

B. 1.17-Mev peak

Integral count > 28 v

Less integral count > 34 v

Counting rate 34 to 40 v

Less background + potassium

Difference

Corrections:
Uncounted photopeak > 34 v
Uncounted photopeak < 28 v
Coincidences 28 to 34 v

1.17-Mev photopeak and Compton spectrum

under 1.17-Mev peak
Net correction
Total 1.17-Mev photopeak

209.9 units
89.3
120.6
1.4
119.2  +1.0 units
+ 1.3+0.3
+ 29+0.3
- 19+03
-273+0.8
-25.0 *0.9 units

94.2 + 1.4 units

Correction factor for counts lost because of coin-

cidences between 1.17- and 1.33-Mev gammas

Efficiency

1.030
0.727+0.015 %

be concluded that the retentivity of feld-
spar is almost always low, whereas in
most cases that of mica is greater than
90 percent. In fact, when the uncertain-
ties in the comparison ages, the potas-
sium-argon measurements, and the spe-
cific gamma activity are considered,
there is no definitive evidence that most
micas have lost any argon at all. How-
ever, it seems probable that they usually
lose a small percentage of their argon,
and occasionally as much as 20 percent.
It has been shown that reliable ages are
usually obtained by the rubidium-stron-
tium method (22). A comparison be-

Table 5. Retention of argon by minerals
as indicated by comparison with concord-
ant uraninite ages (using specific gamma
activity of 3.39 gammas per gram, per
second, and specific beta activity of 27.6
betas per gram, per second). Biblio-
graphic references are shown in paren-
theses in column 1.

Con-
. cord-
ant . Argon
ura- = reten-

Sample nium tivity
age (%)
(10°
yr)
Micas
Portland, Conn. (21) 267 0.95
Glastonbury, Conn. (21) 255 0.97
Spruce Pine, N.C. (14) 375 0.88

Branchville, Conn. (21) 367 0.99
Parry Sound, Ontario (21) 994 0.93
Cardiff Township,

Ontario (14) 1020 0.92
Wilberforce, Ontario (I14) 1030 0.87
Keystone, S.D.,

lepidolite (19) 1600 0.81
Keystone, S.D.,

muscovite (19) 1600 0.95
Viking Lake,

Saskatchewan (14) 1890 0.93
Bikita, Southern

Rhodesia (14) 2650 0.80

' Feldspars
Portland, Conn. (21) 267 0.77

Glastonbury, Conn. (21) 255 0.81
New Bedford, N.Y. (21) 355 0.77
Branchville, Conn. (21) 367 0.75
Parry Sound, Ontario,

microcline 17(21) 994 0.72
Parry Sound, Ontario,

microcline 2 (21) 994 0.78
Parry Sound, Ontario,

albite (21) 994  0.60
Cardiff Township,

Ontario, sample 1 (22) 1010 0.81
Cardiff Township,

Ontario, sample 2 (22) 1010 0.76
Wilberforce, Ontaria (I4) 1030 0.77
Tory Hill, Ontario,

pegmatite (22) 1030 0.68
Tory Hill, Ontario,

granite (22) 1030 0.68
Keystone, S.D., (19) 1600 0.59
Viking Lake,

Saskatchewan (22) 1890 0.79
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tween rubidium-strontium and potas-
sium-argon ages gives retentivities simi-
lar to those shown in Table 4.

In view of the fact that fairly low re-
tentivities sometimes occur even in the
case of mica, measurement of the potas-
sium-argon age of a mica does not give
a completely trustworthy value of the
age. A much safer criterion for the abso-
lute age of a sample of mica is agree-
ment between the potassium-argon and
rubidium-strontium ages. Since the
daughter products, argon and strontium,
have such different chemical properties,
any alteration of the mineral may be ex-
pected to cause these ages to diverge.
When they agree, except perhaps for a
5- to 10-percent discrepancy caused by
a small loss of argon, this age is almost
certainly the true age of the mineral.

There are a great many other minerals,
such as the amphiboles, which contain
small quantities of potassium. With mod-
ern mass spectrometric isotope-dilution
and high-vacuum technique, the radio-
genic argon content of these minerals
should be measurable. Some work has
already been done on certain sedimen-
tary minerals, in particular glauconite
(20, 23). The retentivity of these min-
erals has not yet been evaluated, and it
may well be that minerals will be found
which are more retentive than the micas.

The causes of the low retentivity of
most feldspars and some samples of mica
have not been studied as yet; they offer
an interesting field for research. A num-
ber of possibilities come to mind, such
as diffusion, exsolution of albite in the
case of the feldspars, and slight changes
in crystal structure under changing con-

ditions of temperature and pressure. It
is. possible that, eventually, the radio-
genic argon content of minerals which
have lost argon will provide geologically
useful information. However, much care-
ful work will have to be done before
this will be possible.

Using existing techniques of potas-
sium-argon age determinations combined
with rubidium-strontium age measure-
ments, it is possible at the present time
to date the time of formation of mica in
a great many igneous and metamorphic
rocks. This is a very exciting immediate
application, and it should be possible to
discern the location in space and time of
the major orogenic episodes in earth his-
tory. Important contributions of this sort
may be expected in the next few years,
and while the problems of Precambrian
geology will probably continue to be
overwhelming for some time to come, a
significant new approach is being made
to problems left unanswered by tradi-
tional geologic techniques (24, 25).
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can result from ingestion of strontium-

The author is head of the biology branch of
Atomic Energy of Canada Limited, Chalk River,
Ontario.

20 SEPTEMBER 1957

H. B. Newcombe

90, (ii) the shortening of the life span
which results from exposure of the whole
body to penetrating radiation (attrib-
utable in part to malignant diseases such
as leukemia, and in part to a seemingly
nonspecific acceleration of the aging
processes), and (iii) the hereditary
changes induced by radiation in the re-
productive tissues.

In the case of i and ii, there are nu-

12. E. L. Fireman, ibid. 75, 1447 (1949).

13. J. K. Major and L. C. Biedenharn, Reuvs.
Mod. Phys. 26, 321 (1954).

14. G. W. Wetherill, G. J. Wasserburg, et al.,
Phys. Rev. 103, 987 (1956).

15. G. J. Wasserburg, in Nuclear Geology, H.
Faul, Ed. (Wiley, New York, 1954), pp. 346—
349; talk given at the Washington meeting of
the American Geophysical Union, Washing-

. ton, D.C., May 1955.

16. K. Siegbahn, Arkiv Mat. Astron. Fysik 34B,
No. 4 (1947) ; K. Siegbahn and A. Johansson,
ibid. 34A, No. 6 (1947); B. Kahn and W. S.
Lyon, Phys. Rev. 91, 1212 (1953).

17. A. Suttle and W. F. Libby, Anal. Chem. 27,
921 (1955).

18. A. McNair, R. N. Glover, H. W. Wilson,
Phil. Mag. 1, 199 (1956).

19. G. W. Wetherill et al., Geochim. et Cosmo-
chim. Acta 9, 292 (1956).

20. G. J. Wasserburg and R. J. Hayden, ibid. 7,
51 (1954).

21. G. J. Wasserburg, R. J. Hayden, K. J. Jen-
sen, ibid. 10, 153 (1956).

22. L. T. Aldrich et al., Phys. Rev. 102, 1045

(1956).

23. J. Lipson, Geochim. et Cosmochim. Acta 10,
149 (1956).

24. E. Gleditsch and T. Graf, Phys. Rev. 72, 640,
(1947).

25. T wish to thank G. M. Temmer and N. P.
Heydenburg for helpful discussions and for
use of much of the apparatus used in this
work, as well as L. T. Aldrich and J. B. Doak
for aid in construction of the scintillation
counter. I also wish to thank H. H. Seliger
of the National Bureau of Standards, who
generously provided the calibrated standard
solutions.

26. T. Graf, Phys. Rev. 74, 831 (1948).

27. L. H. Ahrens and R. D. Evans, ibid. 74, 279
(1948).

28. V. F. Hess and J. D. Roll, ibid. 73, 916
(1948).

29. R. W. Stout, ibid. 75, 1107 (1949).

30. F. W. Spiers, Nature, 165, 356 (1950).

31. W. R. Faust, Phys. Rev. 78, 624 (1950).

32. T. Graf, Rev. Sci. Instr, 21, 285 (1950).

33. F. G. Houtermans, O. Haxel, J. Heintze, Z.
Physik 128, 657 (1950).

34. B. Smaller, J. May, M. Freedman, Phys. Rev.
79, 940 (1950).

35. M. L. Good, tbid. 83, 1054 (1951).

36. C. F. G. Delaney, tbid. 82, 158 (1951).

37. P. R. A. Burch, Nature 172, 361 (1953).

38. G. Backenstoss and K. Goebel, Z. Naturforsch.
10a, 920 (1955).

merical estimates of the hazard. Thus,
the extent of the loss of life expectancy
caused by a given exposure can be esti-
mated from animal data, supported to
a limited extent by observations on hu-
man beings (1). Similarly, the probable
numbers of future individuals who will
suffer from serious hereditary defects as
the result of a given radiation exposure
can be derived from observations on the
natural incidence of these defects and
from estimates of the radiation dose re-
quired to double the spontaneous muta-
tion rate in man (I, 2). In spite of their
limitations, such estimates are necessary
if the so-called “permissible” levels of
radiation for human populations are to
have a rational basis.

Osteosarcomas

Unfortunately, comparable estimates
of the strontium-90 hazard in terms of
numbers of seriously affected individuals
are lacking, although the importance of
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