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PREFACE

T 15 a real pleasure to acknowledge the invaluable contributions

I of my collaborators, Dies. B, C, Anderson and James . Amold,

in the development of the dating methed. Certainly nothing

would have heen done without them. Dr, A, V., Grosse and his col-

laborators at the Houwdry Process Corporation concentrated the

methane samples which first established the existence of radiocarbon
in nature and laid a firm foundation for the program.

The Committee on Carhon 14 of the American Anthropological
Assaciation and the Geological Society of America, consisting of
Frederick Johnson, chairman, Donald Collier, Richard Fogter Tlint,
and Froclich Rainey, in selecting the samples for measurement, ad-
viging on prioritics, and lending a friendly car in troubled periods,
have indeed eamed our most heartfelt gratitude. We hope that the
results of the research may in some small measure repay them for
their efforts.

It is also a priviloge to thank the Wenner-Gren Foundation for
Anthropological Research, formerly The Viking Fund, Inc., and its
director, D, Faul Iejos, for the financial support of this rescarch
with two grants totaling some £35,000 in the years 1948, 1944, and
1950. A small unexpended balance remaing from these funds, which -

¢ will be used aver the years for occasional further measurements. This

foundation, together with the University of Chicago, furnished the
principal financial suppert for the entire research. We are very
grateful indeed for this assistance.

We also arc indebied to the Air Force (Wright-Patterson Air
Foree Base, Contract AF 33[038]-6492) for & contract [or the de-
velopment of low-level counting technicques during the year 1949,
the results of which were put to immediate vse in the radiocarbon
fating research.

It is hoped that the present publication will contain the answers
to most of the gquestions which will occur to an investigator con-
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structing and operating cquipment for the measurement of dates by
the radiocarbon technigque. It is realized, however, that certain im-
portant details may have been omitted, and we would be pleased to
try to assist in the solution of any diliculties which other groups

may encounter,
W. I'. Linsy
Crpeacty, Triasues
Saplember 1, 1951
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CHAPTER I
PRINCIPLES

r I VHE discovery of cosmic rudintion by V. F. Hess in 1911 led
to repeated conjectures as to possible permanent effects this
radintion might have on the surface of theearth. The energy

received by the earth in the form of cosmic radiation is commensu-

rate with that received s starlight. [t is therefore really quite small
in terms of the solar energy. The specific energy, that is, the energy
per constituent particle, is very much higher than for any other type
of radiation, averaging several hillions of electron volts (1 electron

volt is 1.6 % 10~ ergs, which is the average energy of moticn of a

gas molecule at 10,000° C.). It is conceivable, therefore, that the

cosmic radiation will alter the earth’s atmosphere in detectable woays,

It was discovered shortly after the neutron itsell had been dis-
covered that neutrons were present in the higher layers of the at-
mosphere probably as secondary radiations produced by the primary
cosmic ruys. Measurements iy cosmic-ray physicists have clearly
cstablished that the population in the atmosphere rises with eltitude
to & maximum somewhat above 40,000 feet and then falls! This
proves the secondary character of the radintion—that it is wot inci-

dent on the earth from interstellar space but is a product of the im-

pact of the true primary radiation on the earth’s atmosphere. A
corroborating point in this connection is the recent demonstration

that the neutron is truly radicactive with a lifetime of about 12

minutes, which of course removes any possibility of the neutrons

having time to travel any congiderable distance in interstellar space,
though the trip from the sun could be made without complete decay
to hydrogen.

Consideration of possible nuclear transmutations which the cosmic
rays might effect leads one immediately to consider what the neu-

1. H. M. Agnew, W, C, Bright, and Tinral Froman, My, Ree, 72, 208 (19478
{thia paper containg references Lo many earlies measurensenisl; J. A, Simgaon, Jr.,
Pieys, Rer., 73, 1389 (1048); L, C. L. Yuan, Phys, Rev, 76, 508 (10358); T, C. L. Vuon
aml K. Ladenlwueg, Brll, Aw, Phyr. Soc., 23, Mo, 2, 21 (108); L. C. L. YVean, Py,
Rev,, 76, 1267, 1268 (1949); L, C. L. Yuan, Py, Bee., 77, 728 (1950,
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H RADIOCARBON DATING

trons known to be produced by the cosmic rays might he expected
to do to the carth's atmosphere, In the laboratory many studies have
been made of the effects of neutrons of various energies on all the
ordinary elements and especially on nitrogen and exygen, the con-
stituents of the air. In general, the results are that oxygen is extraor-
dinarily inert but that nitrogen is reactive. It appears certain that,
of the two nitrogen isotopes, N', of 99,62 per cent abundance, and
N™, of 0,038 per cent abundance, N** is the more reactive. With neu-
trons of thermal velocity the reaction

NU 45 = CH4-H! (1}
is dominant, the cross-seetion of the N atom for a room tempera-
ture thermal neutron being in the vicinity of 1.7 X 10~ om.®,
whereas the thermal newtron cross-ssction for reaction with 0% is of
the order of 0.1 per cent of this, It is therefore quite certain that
thermal neutrons introduced inte ordinary air will react according
to Equation (1) to form the radiocarbon isotope of mass 14 and
half-life of 5568 + 30 years.

The neutrons in the air being formed by the energetic cosmic rays
possess energy themselves, probably of the order of 5-10 mev (mil-
lion ¢lectron volts) on the average when first formed, After birth
they then collide with the air malecules and lose theircnergy by col-
lision, either slastic or inelastic, either reacting on one of these col-
lisions and so being absorbed or finally attaining thermal energies
where they are quite certain to be absorbed to form radiscarhon by
Reaction (1), Laboratory studies of the effects of energetic neutrons
an air again indicate that the nitrogen is the more reactive constitu-
ent. Reaction (1) is still dominant, though a second reaction,

NU 45 =B 4 Het, (2)
accurs.? The latter reaction becomes dominant at energies ahove
1 mev but even at the most favored energies attains cross-sections
of enly 10 per cent of that of nitrogen for thermal energies. Reac-
tion (1), on the other hand, goes with consideralle probability in
the region of 0.4-1.6 mev,

A third type of reaction of high-energy neutrons with nitrogen,

Ni4n=CH4 T, (3)

2, C. H. Johnson and H. H, Rarschall, Phys. Rev., 80, 810 (1950).
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has heen reported In the laboratory.® The nature of the laboratory
experiment was such that it was difficult to estimate the cross-section
for the reaction, but the reported value was 107% cm.?, to an accu-
racy of about a factor of 3. It is certain [rom the masses of the atoms
invelved in Reaction (3) that neutrons of not less than 4 mev are in-
volved, since the reaction is endothermic to this extent. The hydro-
gen isotope in Reaction (3) Is the radicactive hydrogen called trit-
ium, of 12.46 years hali-life, which decays to form the stable iso-
tope of helium, He?, which occurs in atmospheric helium in an
abundance of 1.2 % 10-* parts He! per ordinary heliom in atmospher-
ie air.d It is thought that this value is accurate to about 30 per cent.
The sbundance of He* in ordinary helium from terrestrial sources
varies widely from undetectably small values in uranium ores, where
an excessively large amount of He* is found, to the values of
12 3 10-* parts for certain Canadian rocks. Tn general, however,
the He® content of helium from the earth's crust is not over one-
tenth as large as that of atmospheric helium. Since tritium pro-
duced by Reaction (3) lasts such a short time, one knows that any
tritium produced by Reaction (3) will introduce an cquivalent
amount of 1Te? into the earth’s atmosphere, so that one possible effect
of the cosmic-ray bombardment of the earth's atmosphere could be
the introduction of He* into the atmospheric helium. Tt is seen that
thiz may be the case, since it is ehserved that atmospheric helium
is richer in He? than terrestrial helium.

Summarizing the three most probable reactions, only the first and
third lead to radioactive isotopes. It is therefore to be expected that
the neutrons produced by the cosmic radiation may preduce these
radisactive materials in the earth's atmosphere. After these points
were made® a search in nature for both radicactivities was insti-
tuted. Both have since bheen found® in amounts and concentrations
corresponding roughly to those expected.

3. B, Cornog and W, F. Libhy, Phys. Ree., 80, 1040 {1941).
4. L. T. Aldrich and A, O, Nier, Fiyr, Rev,, T4, 1590 (1948).
5. W. F. Libbw, Phys, Reo,, 09, 671 (1946).

6. E. C. Andersan, W, F. Likhye, 8, Weinhouse, A. F. Heid, A, D) Kisthenbaum,
and A, V. Grosse, Selemee, 108, 576 (1947); E. C. Anderson, W, F, Libbe, 5. Weinhouse,
A F. Reid, A. D. xmhubu.um, and A, V. Grosse, H:-r Ree., 72, 93 [(14T); AL V.
Grosse, W. H. Johnston, . L. Wolfgang, and W, F. Lihihy, ‘hm 113, 1 (1951}
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Therefore, we now have more confidence in the basic postulates
made in the arguments outlined above—that the behavior of the
cosmic-riy neutrons in the air is predictable from the ohserved be-
havior of laboratory neutrons on nitrogen and oxygen and that the
possibility of the neutrons having higher energy then laboratory
neutrons appears not to confuse the issue appreciably.

The prediction of the expected amounts of radiocarbon and trit-
ium can be made only on the basis of some information about the
relative probebilitics of Reactions (1), (2), and (3). Reaction (1) is
&0 much more probable, however, that it is clear that the yield of
radiscarbon will be nearly equal to the total number of neutrons
generated by the cosmic rays, & number which we shall call Q in units
ol number per square centimeter per second, The teitium yield, due
to Reaction () only, is taken to be of the order of the ratio of these
cross-sections, or about 1 per cent of (0. The latter will be consider-
ably more uncertain than the yield of radiocarbon, since the cross-
section for Reaction {3) i& much more uncertain than that for Re-
action (1) and more gpecifically than the dominance of Renction (1.
If we integrate the data for the neutron intensity as a function of
altitude from sca-level to the top of the atmosphere, to obtain the
total number of neutrons, 0, produced per square centimeter per
second, and average this over the earth’s surface according to the
observed variation of neutron intensity with latitude,” we obtain a
figure for (3, the average number of neutrons generated per square
centimeter of the carth's surface per second by the incidence of cos-
mic radiation. If we further assume that the cosmic-ray production
of radipcarbon is an ancient phenomenon in terms of the S600-year
hali-life of radiocarbon (i.e., the cosmic rays have remained at es-
sentially their present intensity ever the last 10,000 or 20,000 years),
we can conclude that there is some place on carth enough radio-
carhan to puarantee that its rate of disintegration is just equal to its
rate of formation. Evaluation of {0 from the experimental data avail-
able gives 2.6 as o most likely value. Since the earth's surface has
5.1 % 10 em.?, the radicearbon inventory must be such that 1.3 X
10" heta disintegrations occur per second.

CMom = o N+, {4

7, T. A, Simpson, Tr., Phya, Rer., 73, 1389 (1948); L, € L. Yuan, Pl Ree., 76,
1367, 1248 (1548},
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Since laboratory messurement of the specific disintegration rate ol
radioearbon® gives 1.6 > 10" disintegrations per gecond per gram,
dividing we obtain 8.1 3 107 grams, or 81 metric tons, as the pre-
dicted inventory for radiocarbon on carth, This is equivalent to
365 million curies {1 curie is that quantity of radioactivity which
gives & disintcgration rate of 3.7 X 100 per second). Reasoning
similurly, we predict a tritivm inventory of about 3 million curies
in nature.

The gquestion remains as to where the radiscarbon will eceur. A
moment's thought answers this, however, We congider the problem
of the ultimate fate of a carbon atom introduced inte the air at a
helght of some 5 or & miles. It seems certain that within a few
minutes or hours the carbon atem will have heen burned to carbon
dioxide molecule, [t is true that there are points of interest to discuss
in the question of the kinetics of combustion of atemic carbon in the
air, and research is necessary to supply definite answers for the many
cquestions which would arise in such a discussion. Tt seems prabable,
hewever, that the earbon will not long remain in any condition other
than carbon dioxide. Postulating that this is se (i.e., the absorption
of cosmic-ray neutruns by nitrogen of the air is equivalent to the
production of radinactive carbon dicxide), we can proceed to an im-
mediate answer to the question a5 to where natural radiscarbon
should eccur on earth, Radioactive carbon dioxide will certainly mix
with considerable speed with the atmospheric carbon dioxide, and
o we conclude that ell atmoespheric carbon dioxide is rendered ra-
dioactive by the cosmic radiation. Since plants live ofi the cirbon
dioxide, all plants will be radioactive; since the animals on earth
live off the plants, all animals will be radioactive, Thus we conclude
that all living things will be rendered radioactive by the cosmic radia-
tion. In addition, there is another carbon reservolr for the natural
raciocarbon, and this is the inorganic carbon in the sea present as
dissalved earbon dioxide, hicarbenate and carbonate, for it is known
that an exchange reaction occurs between carbon diexide and dis-
solved bicarbonate and carbonate ions. The time for radicactive
carbon dioxide in the air to distribute itself through this reservoir

£, A, G, Engelkensse, W, H, Hamill, M, G, Inghram, asd W. F. Lilly, Phys. Res.,
75, 1825 (1940); W, M. Janes, Phys. Ree., 74, B85 (194905 W, W, Miller, it Ballentine,
W, Bernatein, L. Frisdman, A, O, Nier, amd R, D, Evars, Phys. Rer., 77, 71 {1950k
A. (7. Engelkemeir ami W, F. Libby, Rev. Sef. Fasl,, 21, 350 (1950,
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probably is not in excess of 500 years. Thiz is the so-called “turn-
over time for the life-cycle which has been widely discussed by geo-
chemists, The cstimates vary quite widely, but it does scem that this
time can hardly exeeed 1000 yoars, Since this is a time short as com-
pared to the lifetime of radiocarbon, we conclude that any given
radiecarhon atom will make the round trip several times in its life-
time, and we therefore predict that the distribution of radiacarbon
throughout the reservoir will be quite uniform, there being little
vertical or latitudinal or longitudinal gradients left. One has some
cause o suspect that there might be variations in intensity over the
earth's surface, for the reason that it is known that the cosmic-ray
neutron component varies by a factor of about 3.5% between equa-

TABLE 1
CARBON INVENTORY .

oo
Ocean “carbonate”
Oeran, disselved arganic
Rinaphere. .. ......o00.
Atmosphere. .. ........

torial and polar regions, the intensity being greater in the polar
reglons.

As expected, however, on the basis of the probable hrevity of the
turn-pver time as compared to the lifetime of radiocarbon, it has
been found that the distribution i3 uniform. Materials have been
selected from various points en the earth's surface and from various
altitudes, and the specific radioactivity has been found to be identi-
cal within the ervor of measurement, which amounts to some 3-5
pEr cent.

In order to predict the specific radioactivity of living carbon, the
amount of carbon in the exchange reservoir must be catimated.
Careful consideration of the complex bischemical questions involved
leads us to the numbers given in Table 1.

The dominance of the inorganic material dissolved in the sea is
obvious from these numbers. This has the immediate consequence
that variations in living conditions which will lead to variations in

¥, J. A Simgmen, Jr., Phys. Ree,, 73, 1380 (148); L. C, L, Yuan, Phys, Rer, 76,
12063, 1268 [1049),
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the amount of living matter on earth will not appreciably affect the
total carbon in the reservoir, Or, concelvably, the only possible sig-
nificant variations of the quantity of carbon in the reservolr must
involve changes in the volume, the temperature, or the acidity (pH)
of the oceans. This probably means that the reservoir has not
changed significantly in the last fow tens of thousands of years,
though there is the point to consider of the effect of the glaciation on
lroth the volume and the mean temperature of the oceans, If the
numbers in Table 1 are correct, there are some 3.3 grams of carbon
in exchange equilibrium with the atmospheric carbon dioxide for
each square centimeter of the earth’s surface, on the average, and
sinoe there are some 2.0 neutrons incident per square centimeter per
secand, we must expect that these 8.3 grams of carbon will possess
a specific radicactivity of 2.6/8.3 disintegrations per second per
gram, or 2.6 » 60/8.3 dizintegrations per minute per gram. This
number, 18,8, i3 to be compared with the experimentally ohserved
wilue of 16.1 £ 0.5.* The agreement seems to be sufficicntly within
the experimental errors invelved, so that we have reason for confi-
dence in the theoretical picture set forth above,

The agreement between these two numbers bears on another point
of real importance—the constancy in intensity of the cosmic radia-
tion over the past several thousand years. 1f one were to imagine that
the eosmic radiation had been turned off until a short while age, the
enormous amount of radiocarbon necessary Lo the equilibrium state
would not have been manufactured and the specific radipactivity of
living matter would be much less than the rate of production calou-
lated from the newtron intensity. Or, conversely, if one were to
imagine that the intensity had been much higher in the past until
very recently, the specific radioactivity would greatly exceed that
calculated from the observed neutron intensity, Since 5568 £+ 30
years will be required to bring the inventory halfway to any new
equilibrium state demanded by the change in cosmic-ray intensity,
wi find some evidence in the agreement between these numbers that
the cosmic-ray intensity has remained cssentially constant for the
last 5000-10,000 years. This does not mean that it could not exhibit
hourly, daily, or even annual fluctuations. It does mean, however,
that the intensity averaged over 1000 vears or 50 has not changed.

1. E. C. Anderson, P'h.I) thesis, Universily of Chimgo (194%); E. C. Anderson
andl W, F. Libty, Phys. Rev., 81, 4 (1951).
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There is the slight possibility that an approximately compensating
change in the carbon inventory has oceurred, but for the reasons
mentioned above the bulfering action of the great reservoir in the sea
makes this very remote,

A further point of interest in connection with the inventory and
the observed specific azsay is that the carbon isotopes apparently are
fractionated in being incorporated into the biosphere from the in-
organic world, This effect was discovered some time age! for the
isatope CY, which bas a mean abundanee of 1.1 per cent in ordinary
carbon. [t was found that the ratio of the abundance of C# in inor-
ganic carbon to that in bislogical carbon is 1,03, On the bagis of this,
one would expect a value of 1.06 for the analogous ratie for CY, radio-
carbon, Since the mass spectrographic measurements of the CV
abundance are quite accurate and the theory on which one caleulates
the L6 ratio feom the observed 1.03 ratio for C is quite rigorous,
we are inclined to multiply our assay of biological material by 1.06
rather than to take the mean value of the emall number of measure-
ments we have made on inorganic carbon, The mean of the biologi-
cal assay is 15.3 + 0.1, Multiplying by 1.06, we obtain 16.2 for in-
organic carbon; then, averaging according to the weight factors given
in Tahle I, we derive the average 161 for the carbon inventory as a
whale. (e must remember, however, that wood or ather hiological
material will present an assay of 15.3 and that maodern seasghell will
present an assay of 16.2,

If the cosmic radiation hus remained at its present intensity for
20,000 ar 30,000 years, and if the carbon reservoir has not changed
appreciably in this time, then there exists al the present time & com-
plete halance between the rate of disintegration of radiocarbon atoms
and the rate of aseimilation of new radiocarbon atoms for all material
in the life-cyele. For example, a tree, or any other living organism, is
in a state of equilibrium between the cosmic radiation and the natu-
ral rate of disintegration of rediocarbon so long as it is alive. In
other words, during the lifetime the radiocarbon assimilated from
food will just halance the radiecarbon disintegrating in the tissues.
When death occurs, however, the assimilation process is abruptly
hulted, and only the disintegration process remeins.

11, A& 0, Nier and E. A Gulbranson, 7. Am, Chem. Sor., 81, 697 (1930); B, F.
Murphy and A O, Nier, Fhys. Rev,, 59, 771 (1941).
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[t s been known for many years that the rate of disintegration of
radioactive bodics iz extraordinarily immutahle, Leing independent
of the nature of the chemical compound in which the radionctive
body resides and of the temperature, pressure, and other physical
characteriztics of its environment. The reason for this is that the

[
Dl SAMPLES OF KNOWMN AGE

$ TREE RING (580 AD)

PTOLEMY (200 £ 150 B.C)
TAYINAT (875 250 BLC)
$ REDWOOD (979 £528c)

?

SESOSTRIS (1800 BL)
TOSER (2700 £ 7158.0)

AESOLUTE SPECIFIC RACIMCTIVITY (dpmgC)
F

CURVE CALCULATED
FROM PRESENT DAY POINT
AND HALF LIFE oF

RADIDCARBON 5588230 ¥EARS

T

SHEFCRY (262ET50.C)

3
I

HSTORCAL AGE (YEARS)
Foiz, 1,==Predicted versas ahaeeved radiosctivities uf samples of known age

transformation is & nuclear phenomenon in volving energies very
much larger than those corresponding to the chemical bonds and to
the various physical influences to which matter might conceivably be
sulijected, Therefore, we conclude that the rate of disappearance of
radioaclivity following death corresponds to the cxponential decay
law for radiocarbon as represented by the solid curve in Figure 1, in
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which the world-wide assay of 15.3 [or biological materials corre-
gponds to zero time, and the predicted specific radioactivities for
various times thereafter are given by the curve. The equation for
the curve is

[m15.3 up(-n.m tﬁ) (5)

= 15,3 20-umssy (5"

ar

in which £ is the age of the organic material in years, uge being de-
fined a8 the time elapsed since death oecurred, The experimental
points shown in Figure 1 are the observed assays for various samples
of known age, discussed later. In so far as the points fit the curve,
we have reason to belicve that the method is sound and gives the
correct ages. The errors indicated on the experimentul puints are
standard deviations, and it appears that the results are favorable
as judged statistically.

It is obvious that we must be careful in selecting samples to choose
materials that contain the ariginal carbon atoms present at the time
death pecurred, In other words, samples must not have been pre-
served with organic materials containing carbon of age different
from that of the sample. Care must also be taken that chemical
changes have not led to replacement of the carbon atoms. Tn a gen-
eral way, organic materials consisting mainly of large molecules,
such as cellulose and charcoal, are favored, An example of question-
able material is shell, for it is quite conceivable that shell which is
powdery and chalky In appearance has had its carbonate atoms re-
placed.



CHAPTER 1L

WORLD-WIDE DISTRIBUTION
OF RADIOCARBON

question of the contemporary assay of the exchange reservoir
for radincarbon and the uniformity over the earth's surface of
this assay.! Organic material, principally wood, was collected from
widely scattered points over the carth’s surface, and measurements
of the specific radivactivity were made, One group of samples was
concentrated near the geamagnetic equator, wheee the neutron flux
is al & minimum; another in high latitudes, where the neutron flux
is at a maximum. The variation in neutron intensity with latitude,
as observed by Simpson at 30,000 feet, is presented in Figure 2.2
Some consideration was given to the archeological importance of
the region with the thought that, if no uniformity were demon-
strated, these data might be utilized in age measurements where the
original assay would vary from region to region. Fortunately, this
has not proved to be neoessary, Owing to the known extreme varia-
tion of neutron intensity with altitude, shown in Figure 3, in which
the data of Yuan and Ladenburyg taken at Princeton, New Jersey,?
are given, two samples from high altitudes were measured, It might
be suspected that the specific radioactivity would be higher at
higher altitudes. However, the height of the timber line was of
course very small indeed compared with the 30,000-foot altitude at
which the principal radiocarbon production eccurs.
The experimental results are given in Tables 2 and 3, in which
the type of sample, the doner, the geomagnetic latitude, and the
observed specific radioactivity in absolute disintegrations per minute

I AUNDAMENTAL to the radiccarbon dating method is the

1. The material on this subject has been taken largely fram the dectors] thests of
E. C. Ancersan, presented 1o the Division of Physical Sciences, Universliv sf Chicagn,
in partial [ulfilment of the requirements for the I'h 0D, degree,

2, Ihid,

&, Phys. Reo., 74, 504 (1948); 76, 1267, 1268 (1040); 7, 728 (1050); Bull. Am.
Fhys. 8o, 23, Nin, 2, M (1948).

11
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per gram of carbon are recorded, Table 2 applying to the hiosphere
and Table 3 to the inorganic.

The sssociated error is the standard deviation caleulated from
the counter statistics only. Naturally, since other errors are invelved,
the trie ervor will be somewhat larger, However, similar treatment
af the more nemerons data quoted later on samples measured for
ape determination seem to indicate that the scatter appears to he

ﬁ 000 —— HEUTROM DEMSITY M FREE ATMOSFHERE —va
ALTITUBE AT FHlNEETQN. H.:L
[, 8, 1049 -

g 88

82 8

— i
=
_

IMTENSITY

HEUTRON
[COUMTS PER MINUTE W THERMAL HEUTROM
m O Bo S E
I

K
13! | 0| 30 ap 50 )
| 55000 An000
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little more than would be expected from this source alone, So per-
haps one can conclude that this nearly represents the true standard
deviation of the measurcment. The terrestrial distribution ol the
samples is shown in the map in Figure 4, each dot corresponding to
a particular sample. It is of course to be realized that the geomag-
netic latitude and the ordinary latitude are not identical. The geo-
magnetic latitude is taken as being more significant in Table 2,
since the variation in neutron intensity with latitude shown in Fig-
ure 2 correlates with it
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The average specific activity of all the biosphere samples is found?
tobe 15.3 + 0.5 absolute disintegrations per minute per gram. The
data seem to show no scatter appreciably larger than the expected
statistical fluctuations, indicating that the samples involved would
indeed have specific activities identical within the ervor of measure-
ment. The data presented in Tuble 3 for shell reveal that shell iz
definitely more radioactive than organic material. Thig difference is
te be expected, since it has been shown® that fractionation of the
stable isotopes of carbon, C% and C", occurs in these systems. The
ratio of the C¥ content of carbonate to that of organic material
which is found here iz 1.09 4 0.03. On the basis of the fractionation
factor 1.03 found for CY against C2, ene would expect & value of
1.06 for ©, The difference hetween this value and the one found in
the present investigation is not outside the experimental error; and,
since the accuracy of the estimation of the fractionation factor is
better than the precision of our measurements of the shell activity,
we take the ohserved value to be 16,2 + 0.5, derived by multiplica-
tion of the mean of the organic specific activity by 1.06. It seems
that a further investigation of the fractionation [actor would be
warth while and that further measurement of contemporaneous shell
samples is definitely desiralile.

The estimation of the amount of carbon in exchange with the
atmospheric carhon dioxide is a difficult task. It is, however, neces-
sary to the striking of a balance between the observed specific ac-
tivity and the cosmic radiation intensity. The results have been
given in Table 1.

The carbon in the exchange reserveir is obwviously of three prin-
cipal origins; namely, that dissalved in the oceans, the carbon of liv-
ing organisms, and atmospheric carbon dioxide itsell. We shall find
that the latter two are go small 25 to be nearly negligible in com-
parison with dissalved material in the sea, principally carbonate and
hicarhanate. Let us consider Grst the amount of carbon dissolved in
the oceans as some species of carbonic acid. This amount can be
caleulated from a knowledge of two factors: the alkalinity and the

4. Earlier publications have given 12.5 for this numlser, The counters have been re-
calilrated for shaolute eliiciency since then, and the now value i derived Trom the ald
nne hy carrection for the more accurately determined eficieney:.

5o Ao 0, Nier amil B, Ao Gulbranson, J. Am. Cheaw. Soc., 61, 807 (1239); B, F.
Murphy and A O, Nier, Phyr, Rer., 8%, 771 {191}
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pH of the ocean water. The alkalinity is the excess of positive jons
over the anions of strong acids. This difference must be made up by
the lonization of weak acids in order to preserve dlectrical neutral-
ity. Since carbonie acid is the principal weak acid in the occan, the
situation iz fairly simple. The total amount of dissalved carban is
not uniquely determined by the alkalinity alone, because of its
variable equivalent nature due to the pessibility of its existence in
the neutral, monobasic, and dibasic forms: HyCOy, HCO3, and
CO37. The ratio of the amounts in these forms must therefore
be specified, and this ratio is, of course, determined by the pH.
The neeessary equations are

(H*}: (HCDs }

oA B (ol
(H*)-(C077) _ o -
Heo,) =k 7

A = (HOO;) +2(C0; ) (%)
5= (Hy004) + (HCO7 )+ (CO; ), {9

where A is the alkalinity due to carhonic acid, and § is the total
amount of carbon present in the forms indicated. These equations
ean be combined to give
A (H*)
$= ;;.EE_'_[ e
(H*)
We must now consider the values to be adopted for the four con-
stants in this equation; namely, the alkalinity, the hydrogen-ion
concentration, and the two lonization constants of carbonic acid,
The average value of the alkalinity of the ocean scems to be well
established as o result of numerous measurements by many investi-
gators and hus a value of 243 millieguivalents per liter.* The alka-
linity is due almost exclusively to carbonate and hicarbonate, the
amounts of phosphorus, arsenic, silicon, and other elements capable
of forming weak acids being completely negligible. A slight corree-
tion can be made for the amounts of boron known (o be present,

Ky

+ey+ 1]. (10)

6 H. U, Svendrugs, M. W, Johason, and K. B, Flemiog, The Ocrens (New York:
Irentice-Elall, 1046), p. 208,
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Using only the first ionization constant of boric acid and taking the
pi of the ocean as 8.0, wefind the alkalinity due to horon to be 0.06
milliequivalents per liter.” The alkalinity due to carhon is therefore
2.37 milliequivalents per liter.

The variation in pH throughout the ocean is surprisingly amall,
and the average value is about B.0.* The small amount of variation
found throughout the greater portion of the water map is graphically
illustrated by the north-south section of the Atlantic Ocean given
by Sverdrup e al. as taken from Wattenberg.* Tt is clear that over
the major portion of the ocean the variation i2 enly 0.1 pH units.

Tt is of interest to comparc the observed pH of ocean water with
that calculated assuming complete equilibrium with the carbon
dioxide of the stmosphere, The deep water which constitutes by far
the largest fraction of ocean water is farmed at high latitudes by the
cooling of water of high salinity. Therefore we will assume Arctic
eonditions for the equilibration. For the apparent ipnization con-
stants of carbonic acid wewill use experimental valucs which will be
discussed below, These are Ki = 8.3 X 1077, and Kf = 6.3 % 10719,
and are applicable to water of chlorinity 19,0 per mil at a tempera-
ture of 4° C. We will assume an alkalinity of 2.37 milliequivalents
per liter and a partial pressure af CO; in the polar air of (.23 mm. of
mercury?® For the solubility of CO; in sea water we will use the
data given by Sverdrup e al.* The result of this calculation is a pH
of .10 for the water while at the surface. On sinking to the average
depth of the peeans (3800 meters), the pH will change to 8.01 as a
resultof changes of Ki and Ki with pressurc. These results are invery
satisactory agreement with the observed pH of the decp ocean,
namely, 8.0

Eecause of the high ionic strength of sea water, namely, 0.9 molal,
and the lack of knowledge of the activity coefficicnts of the gpecies
invelved, it is necessary to use apparent ionization constants rather
than thermodynamic constants for carbonic acid. Tortunately the
values of Kf and K} have been carefully investigated by a number

7. fbid., p. 199,

8. Jbd., p. 208. 9. Ibid., p. 210, Fig. 43,

10, . Tuch, Aete Acad, Abscasis, Math, of Physica, 11, ¥o. 12 (1039).

1, (. gl 191,



WORLD-WIDE DISTRIEUTION OF RADIOCARBON 12

of investigators? as a function of pH, salinity, temperature, and
pressure in both natural and artificial sea waler. In general, the
pgreement among the several investigators is excellent, and the re-
sults appear to be very reliable.

The relations which were found for the normal range of composi-
tion of sea water are

pK! = 6,47 — 0100 (CL) 12 {11)

at 20° C. with & temperature coefficient of —0.008 per “C. and a
pressure coefficient of —4.8 3 10-* per meter of depth; and

pK; = 10.35 — 0.498 (CI) A (12}

{where pE is the negative logarithm, base 10) at 20° C. with a
temperature coellicient of —0.011 per ® C. and & pressure cocficient
of —1.8 3 10-* per meter. Taking (Cl) as 193 per cont, the lempera-
ture to be 4° €., and a depth of 3800 meters (the mean depth of the
peean), we find that for average ocean water

K!=1.26X 10-¢ (13}
K;—T.JHKIU_“‘- (14)

From Equation (10) it is possible to calculate the errors which
will be introduced into the value of the total earbon by errors in

{, K4, and pH. If we substitute the following numerical values in
Equation (10), K = 1.20 3 10, Ki = 7.41 X 10", and (HY) =
10-4, we find

A
S = 1rg-ras 0082 +0.074+ 1), {15}

Tt is clear that K has o completely negligible effect on 8, since it
contributes cnly 0.8 per cent to the last term.

Dropping K{ and expanding Equation (10) in terms of powers of
[K4/(H#)], and dropping higher powers than the first, we have, to
a good approximation,

r
K
Sa 4 (1—-EH-1;:1-)-A (1—0.074). (16)

12, E.G. Moberg, Tt. M. Greenberg, K. Revelle, and E, €, Allen, Bull. Serija Inat.
Ocsanagr., [adv. Calif., Teck. Ser., 3,231 (1934); K, Buch, Acia Acod, Aboensis, Math. of
Physica, 11, Mo, 5 (1938); Sverdrup of al., ap. cil., p. 250,
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The entire effect of K is only 7.4 per cent. 1f for the possible error in
K} we allow the amount of the full range between K; and K&, we
will estimate the possible error in 5 from this source ag 7 per cent,

The error introduced in the value of § by an error in pH can be
caleulated by differentiating Equation (10) with respeet to —log
(H1*). In this way we find

ds o HY
UI_{F_H}--HE“IZKHJ "—ET_I.T.T_-—zx;}.,. {17)

At pH & a change of one pH unit gives 4 change of 0,36 in §, or 16
per cent. 1 we assume that the uncertainty in the exact average pH
of the ocean is 0.5 pIT unit, we place an error of § per cent on the
amount of dissalved carbonate.

The variations in alkalinity which have been observed in water
from various sources by different investigators amount to about 4
per cent. We may take this as o measure of the uncertainty in 4.
Combining the crrors from Ki, pH, and A, by the square root of the
sum-gf-squares method, we place an uncertainty of 11 per cent on
the value of S.

Using the values of K = 1.26 10", Ki = 741 % 10~ pH =
8.0, and A = 2.37, the solution of Equation (10) gives for .5 a value
of 26,3 milligrams of carbon per kilogram of sea water, or 7.23 gm/
cim? of earth's surface. This corresponds to a total mass of 3.7 X 10
grams of carbon. In addition to the dissolved inorganic carbon, there
i& found in solution in the ocean a considerably smaller amount of
organic carbon (not living), The best value for this appears to be
ahout 2 mg. per liter, according Lo Sverdrup ef al* This corresponds
to 0.59 gram of carbon per square centimeter of the carth’s surface.

The amount of carbon in living material is difficult to estimate and
appears to have been grossly overestimated by some writers In the
past. We will base our estimate on the rate of fixation of carbon by
phatosynthesis, o quantity which appears to be fairly well estab-
lished." Fortunately it can be shown that hiesphere carbon is small
compared with ocean catbonate, and therefore an error in the cstima-
tinn of it will not be of great importance to our use of this quantity.

The total rate of fixation of carbon by land plants hag Been in-

13, @ il g 250,

14, E. Rabineitch, Mhalsrputbesis and Related Processes (Newe York: Inter-Seience
I"alddishers, 1ne., 1945), chap. i,
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vestigated by Schroeder,™ who concluded that the average annual
fixation by this source is 1.63 » 10" grams, or 3.2 mg/cm® of the
carth's surfuce. Riley" made an investigation of the ixation by occan
plankton and arrived at e fgure of 30,5 mg/om? of earth's surlace for
the average annual rate, Rahinowitch'® estimates that on the hasis
of the solar energy flux, reflection losses, and photosynthetic ef-
ficlency, not more than 60 mg/em® of earth's surface could be fixed
annually, indicating that Riley's figures could not be too low by any
large factor. On the other hand, it appears that the estimate of
Vernadsky," who gives 2000 mg/em? for the carbon content of the
hinsphere, with renewal several times a wear, is cnergetically im-
possible, We will use the sum of the values given by Schroeder and
by Riley as the total annual rate of fxation of earbon; namely, 33
mg/em? of the carth's surface,

The total amount of carbon contained in the biosphere at any time
will he given by the fixation rate times the average length of time
a given carbon atom spends in the biosphere, if a steady state exists,
An estimation of this time is somewhat casicr than might appear on
first glance, since Y0 per cent of the fixation is by ocean plankton,
which are minute organisms of very short life. Furthermaore, even the
carbon contained in longer-lived organisms does not in general
have a time of residence in the organism equal to the life of the
organism but rather less beeause the materiel of the organism is
replaced a number of times during its lifetime. A maximum value for
the average time the carbon atom spends in the hiosphere seems to
be & few years. Since carbon in the hiosphere is guch a emall [raction
of the total exchange reservoir, 4 more exact treatment appears un-
necessary. Taking 10 years for the average carbon life, our caleulated
hiosphere inventory will be 0.33 gm,/cm® of the carth’s surface, which
will prove to he only some 4 per cent of the total in the El’("hange
reservoir, as has been shown in Table 1.

We may check this cstimate ugains.l measureménts which have
lLieen made of the ratio of living matter to dissolved erganic carbeon

15, G, Schroeder, Notwriwiss., 7, & 96 (1919,

16, G. A Wiley, Bull, Bingham Oceanogr, Coll,, 1, 1 (1941}, quoted by Rahinowitch,
ap. el p. 6,

17. . il pa G.

18, W. J. Vernadsky, Gracheniz fn ansgerihiles Kepiteln (Leipeis: Akademische
Verlagagesellsehafi, 1030k
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in the ocean. A number of such measurements have been made by
sevoral obzarvers, ' and the ratio of disselved to living matter has
heen determined to vary hetween 300:1 and 2:1. The low figurcs
are found only in relatively small arcas near shore where there is
intense biological activity. The larger ratio, which was established
for the deep water of the open ocean, was probably considerahly
nearer the average [or the ocean as a whole. The estimates which we
have chosen for these two quantities give a ratio of 2:1, again indi-
cating that we huve not underestimated the amount of carban in the
hiosphere,

The most likely way of appreciably increasing the holdup of the
biosphere is by the assumption that a considerable portion of this
material spends many years in slow decay as humus or ocean zedi-
ments before it is recirculated, The available evidence for the occan
sediments scems to be that the major part of the dead material
dissolves during the settling process and that little of it ever
reaches the pcean flaor® This makes it unlikely that this fuctor could
inerease appreciably the importance of bissphere carbon to the size
of the exchange rescrvoir.

The amaunt of carbon dioxide in the atmosphere has been deter-
mined by several people. The values are: Buch,* 0.12 (polar) te 0.13
{tropical and continental); Paneth,™ 0.12; and Vernadsky,® 0.12.
We will use 0.12 gm/cm’® of the earth's surface for the amount of
carbon in atmospheric carbon dioxide, This s equivalent Lo CO;
partial pressure of 0.21 mm. of mercury, or & concentration of
0.028 per cent.

Tn addition te the dilution of cosmic radiscarbon by the carbon of
the exchange reservoir, some is being removed constantly by incor-
poration in sedimentary rocks as they form. This rate of less of radio-
carbon will be estimated. The rates of deposition of caleium carbo-
nate in the sea are not at all well established. Various estimates can
be made on the basis of the total ameunt of caleium carbonate that
has been deposited, the bicarbonate contents of rivers emptying

10, Sverdrap of ., op. cil., p. 150, ), Fhid., p. WIZ.
. K. Buch, Acts Acod. Aboenais, Math. of Physica, 11, Ne. 12 {1939).

22, F. Pancih, quated by G, T. Kulper, The Afmospheres of the Earth and Planals
{Chicago: University of Chicago Press, 198, p 1

23, O cil,
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into the sea, and the direct observation of the rate of formation of
ocean sediments. For example, Brown™ has caleulated the following
inventory of carbon in the sedimentary rocks: in shale, 5.45 X 10#
grams; in sandstone, 0.20 3 107 grams; and in limestone, 3.67 ¥
104 grams—a total of 9.3 > 10% grams of carbon. If we assume uni-
form deposition over a 2-hillion-year period, we have a yearly loss
rate of 5 3 107 grams, which would remave only 6 grams of the
9800 grams of radiocarbon produced each vear. This may be low
hecause recycling may be important, and the other methods give
somewhat higher higures; but it seems likely that the total remeoval
by formation of sedimentary deposits is probably less than about
3 per cent.

We may consider now the question as to whether or not the vari-
ous portions of the exchange reservoir are sufficiently well mixed so
that they are completely efficient in the dilution process. The uni-
form distribution of radiocarbon throughout the reserveir will result
only il the various mixing processes are complete in a time short
compared with the average life of radiocarbon (3033 years; the aver-
age life is longer than the hali-life by 1/In 2). From the estimated
photosynthetic fixation rate given above and the total material in
the exchange reservoir, it can be calculated that a time of the order
of 250 years would suffice Lo turn over all the carbon through the
biosphere, This insures that the thin layer of the reserveir at the sur-
face of the earth and of the scean will be well mixed. The main
question is whether or not the depths of the ocean and the upper
reaches of the atmosphere are mixed,

Congidering the latter first, we note that the radiocarban is pro-
duced at great heights (Fig. 3), the neutron intensity reaching a
meximum at about 40,000 feet and falling off considerably by 70,000
feet. At this altitude the air pressure is 3.5 mm. of mercury. Excel-
lent and rapid mixing is well established in the troposphere, the
adiabatic portion of the atmosphere in which most weather phe-
nomens occur. In the meteorological “standard atmosphere™ the
tropopause, or boundary hetween the adiabatic troposphere and the
isothermal stratosphere, is assumed to be® at 10.8 km. (36,000 fect).

4. H. 5. Brown, privale communication.,

25, H, R. Byers, Gemeral Meteorology (New York: MeGraw-Hill Rook Co,, 1944},
p. 171, .
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However, the height of the tropepause varies considerably with the
season and with latitude, reaching 18 kn. (58,000 feet) in the winter
at 40° M. latitucde, while in summer it may be found at 16 km.
(52,000 feet) as Far north as 60° N, geomagnetic latitude.® Thus the
tropopause 15 ertually above the altitude of maximum neutron in-
tensity some of the time each year, Even the isothermal stratosphere
is not without vertical mixing. ™

The situation with regard to oceanic mixing is much less obvious.
Very little indeed is known about the quantitative rates of convec-
tive mixing of the deep ocean hasing, Tilfusive mixing is of course
g extremely slow as to be out of the question.

From studies made of the circulation of the Atlantic (Ocean™ a
very rough estimate of the mixing time can be made, These figurcs
indicate that the rate of fow southward between South America
and Alrica at the equater is about 6 3 10° culic meters per second
ut 3000 meters depth, This flow has been identified with Naorth
Atlantic Deep Water produced in the Arctic regions, and much of it
reaches the Antarctic to replace water subsiding at the Antarctic
Convergenee. The situation is greatly complicated by the presence
of some six water masses interacting in an inveolved circulatory
pettern, but we may take this figure to represent the gross ex-
change of water between the North and South Atlantic at great
depths. The shallower water is mixed more rapidly by lecal complexi-
ties in the circulation pattern, and the surface water is characterized
Iy well-developed patterns of rapid currents. The Antarctic Bottom
Water, which fills the decpest parts of most of the Atlantic, moves
slowly north below the southward current and is presumably re-
turned to the Antarctic by gradual mixing with the North Atlantic
Dieep Water. The rate of the return is not known, but the nerth-
ward flow at the equator is estimated at 1 > 10¢ cubic meters per
gecond.

Taking the velume of the Atlantic Ocean as 3.24 X 10°7 cubic
meters, we find the caleulated time of circulating the entire ocean
through the entire Deep Water current to be 1700 years. About 18
per cent of the Atlantic is below 4000 meters. 16 this water has a

26. C.G. Rouby, in The Almsspheres of the Earth and Flanels ed. G. P. Keiper
[Chicage: University of Chicagn Press, 1949), p. 21.

27, L, Spinger, Ir., fhéd., p. 221, 28, Bwenidrap of ol ap. il pp. 629 and 47 @,
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circulation rate of 1 X 100 cubic meters per sccond, the time re-
quired to circulate it is 1800 years. Less is known about the Pacific
circulation, but it is thought to be somewhat slower than that of the
Atlantic,

For isslated seas for which the annual inflow and outflow are
knawn, it is possible to caleulate a renewal time. Some of the figures
go obtained are: Mediterrancan, 80 years; Arctic Mediterrancan,
165 years; and Black Sea, 2500 years, The volume of such svas makes
their importance in a general mixing process small, but the fgures
given are an indication of the order of magnitude of the time scale
invelved.,

A further argument in favor of complete mixing of the ocean
basins may be based on the following considerations: Ttis knuwn that
heat is being liberated from the earth's crust at the rate of ahout 30
calories per square centimeter per year.® Presumably the evolution
of heat from the bottom of the sea is of & similar magnitude, as in-
deed recent measurements by Revelle and associates in the deep
Pacific have shown.® (wing to this heat evolution, one might expect
rugions of temperature Inversion to develop near the ocean bottem,
especially in arcas of peor circulation. To tranefer this amount of
heat by molecular conduction would require a thermal gradient of
8 X 107470, per centimeter, assuming the conductivity of water to
be 0.0013, If a layer 1000 meters thick at the bottom were cooled
enly by molecular conduction, a temperature difference of 80° C.
would be required. Naturally, turbulent eddy circulation patterns
would be sct up at much lower gradients, and & more effective
mechunism of cddy conduction would eperate to remove the heat,
Such eddy circulation would be equally efficacious in the transfer of
dissolved carbonate, and a very efficient method of maintaining
the radiocarbon equilibriom would arise. It can be caleulated,
for cxample, that a temperature gradient of 1.6 % 10-% °C, per
centimeter would require a coeflicient of eddy conduction some five
hundred times the molecular coefficient for the transfer of the postu-
lated amount of heat, This is quite small a3 eddy coefficlents go,
ginee they often range up Lo 10% or more times the molecular co-

20, K. C. Bullard, Nalwre, 188, 35 (1715,

M1, Boger Revelle aml associates, private communicntinn, They find 18 calories
Jeer square eendlmeter por vear,
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efficients. Such an eddy circulation operating at a depth helow 4000
meters can be shown to be adequate to mix the ocean depths suf-
ficiently so that the azsay of radiocarbon at 6000 meters would be
W) per cent of normal with an integrated cffect of only 1.4 per cent
on the value of the specific activity,

Few cases of temperature inversion in the deep ocean have been
catablished, The inversion gradient shown in the above calculation
is that observed in the Mindanao Trench® and iz almost exactly
equal to the gradient which would be produced Ly adiabatic com-
pression; that i, there is no density inversion, the density of the
water being constant with depth. Howewver, the smaller the thermal
gradient, the larger the coefficient of eddy conduction required to
transport the heat. Without specifying the nature or source of the
circulation, we merely peint out that if 30 calories per square centi-
meter per year are being evolved [rom the occan floor, a certain mini-
mum rate of circulation must exist in order to prevent the develop-
ment of large thermal gradients, The above arguments are of course
qualitative, since turbulent eddy circulation is not amenable to
caleulation, However, if the assumption of the specified heat evolu-
tion is correct, the absence of appreciable thermal inversions near
the ocean bottom would seem to indicate that the mixing is very
pood Indeed on aur time zcale,

Lt has not been possible to obtain samples of dissolved carbon
from the very decp ocean, so that experimental evidence on the mix-
ing time is not st hand. It would appear that measurements of this
kind might be of considerable oceanographic interest and might shed
some light on the problem of eirculation in the deep basing, It is to he
noted that collection of the deep water must be done with care, so
that particulate material on transit from the top to the bottom and
probably in equilibrium with the hiosphere will not be taken as part
of the sample proper. It scems likely that matter falling through the
deep water would not come into exchange equilibrium with dis-
solved material,

We arrive finally, therefore, at the numbers given in Table 1 and
a total figure of 8.3 gm/cm? of the carth’s surface for the carbon in
the exchange reservoir, The uncertainty in this value for the total

A1, Svenlrug & al, o, et p. T30,
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carbon in the reserveir we place at about 15 per cent, most of this
error being in the estimated uncertainty in the value for ocean
carbonate, since it is the largest single item in the reservoir, It is
interesting to compare our numbers with a similar set given by
Rubey ™ Dr, Rubey's numbers are 7.45 gm,/em? for the total, con-
sisting of 6.95 for ocean and fresh water, 0,125 for the atmosphere,
and 0.775 for living organisms and undecayed organic matter,

We shall turn now to the question of the present production rate
of radiocarbon as judped from the ohserved peutron intensity in the
atmosphere, assuming essentially quantitative conversion of atmos-
pheric neutrons to radiocarbon by Lquation (1), As stated previous-
ly and shown in Figure 3,4 the neutron intensity increases with alti-
tude from sea-level up to about 40,000 feet in an exponential fashion,
with a hali-thickness of about 1 meter of water equivalent. Ahove
40,000 feet & maximum is reached, followed by o rapld decrease,
indicating very low intensity at the very top of the atmosphere, in
agreement with the principle that the neutrons are secondary in
origin, being produced by the impact of the primary cosmic radia-
tion on the atmoesphere. In addition to the altitude dependence, the
neutren intensity shows a strong dependence on geomagnetic lati-
tude (Fig. 2),* the intensity at high latitudes being about four
times that at the geomagnetic equator,

The measurements on neutron intensity which we use for our
caleulations of total intensity have been on the thermal component
as defined by cadmium absorption for a boron detector. We shall
take this to mean that that fraction of the neutron spectrum lying
below 0.4 ev has been measured, and, in order to calculate the total
number of neutrons per square centimeter, (), and its world-wide
wverage, (J, we must determine theoretically the probable ratio of
the total intensity to the thermal intensity. Bethe, Korfl, and
Placzek® and Placzek® have congidered the problem in detail. Fol-

32, WL W, Rubey, “Geclogionl Evidlence Regarding the Source of the Earth's Hy-

tlrusphere and Atmesphere,” Science, 102, 20 (1950); and awlumn, 1980, meeting of
the Natienal Academy of Sciences.

33, L. C.L. Yuan, Phys. Bev., T4, 504 (1948); 7o, 1267, L2648 (1940} ; 77, T28 (1080);
L. C. L, Yuun amd B. Ladenburg, Brll. Am, Phyr, Sor., 23, No. 2, 21 (1948,

M. L. C. Anderson, Ph.ib. thesls, Unbversity of Chicago {1949),
35, H. A, Bethe, 8, A, Koeff, and G, Placzek, Pays. Kev., £7, 573 (1940),
36, G. Plaeeek, Phys, Rev., 69, 423 (1946).
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lowing them and using the later data of Melkonian® together with
the data in the Massachusetts Institute of Technology volume,™ we
shall assume that in the range 0.4 ov to 0.5 mev the total cross-
sechion in unils of 10-2% cm.? for air i3 given by

o= 8.56 4 (0.266/8W), (18)

and that the capture cross-section is given by
om0, 206/ F0 (11

The expression for the ratio of the total number of neutrons gener-
ated to the number which reach the thermal range is e, where v is
given by

1 P
y=iizi ),  velB/eE, (20)

where the number 0,124 is the [ractional encrgy loss in elastic col-
lision with the average air atom, the bond strength being neglected.
Integration and substitution give 0.7% for the integral and the calcu-
lated ratio of total production to thermal population of 2.20. It is
clear, however, that one must consider the effect of the very strong
bends in the nitregen and oxygen molecules on the cooling process.
Study of the analogous problem of the effect of binding on the neu-
tron clastic and inelastic cross-sections for hydrogen® leads us to
expect that ne large crror is made in neglecting the hinding far cool-
ing down to the cadmium cut-off of 0.4 ev, which is 1.5 vibrational
quanta for the average air molecule,

It is necessary to make a correction for the abserption above 0.5
mev. It has been shown hy Barschall and Battat,® Johnson and
Barschall, and others,® that resonance production of radiocarbon
ooeurs in this range at cross-sections rising to a maximum of 0.1 X
10-* em? and lulling to sbout 0.01 3 10-* em.? in the range 0.5
mev to 2.0 mev. To obtain a probable upper limit for the capture
contribution in this high-encrgy range, we assume that only elastic

A7, E. Meliankan, Phyr. Rer,, 76, 1750 (1940),

8. Sefence umd Engineering of Nuclesr Power (Camlebilge, Mass,; Addissn-Wesley
Pecas, 19470, 1, 406-11,

9, H, A, Rethe, Beo. Mad, Phyr,, 9, 12227 (1937},

1. H. H. Barschall and M. E. Bartat, Phys, Rea., 70, 245 (1946).
41, C.H. Juhnsos and H. H, Darschall, Phsa. Ree., 80, 319 (1950).
42, Seience and Engineering of Nuelrur Pearer, 1, 408-11,
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geattering occurs and that an average capture cross-section of
0,035 2 107 em.” applies throughout the high-energy interval. This
gives an additional contribution of 7 per cent to the ratio of total to
thermal neutron population. The corrected ratio is 2,36, The value
of 0 is now to be obtained at any given latitude by integrating the
ahserved intensity under the intensity versus altitude curve (eg.,
Fig. 3) and mulliplying this chserved intensity by the number
2.36. For this purpose we choose the data of Yuan and Ladenburg,®
Figure 3, oblained at Princeton, New Jersey, which give 1.9 as the
number of slow cosmic-ray neutrons absorbed per second per square
centimeter of earth's surface at that latitude. Using Simpson's data®
(Fig. 2) for the variation of (7 with latitude, and integrating over
the surface of the earth, we find for the average theemal flux 1.1
thermal cosmic-ray neutrons per square cenlimeter per second.
Finally, multiplying by the ratio of total production to thermal
neutron population, we obtain 2.6 as the most likely value for 0, the
average total production of cosmic-ray neutrons per square centi-
meter of earth's surface per second. Considering the varlous sources
of error in this figure, it scems that it probably is good to about 20
per cent, though there is, of course, considerable possibility that the
error is eomewhat larger or smaller than this.

If the figure 2.6 for the average total production of cosmic-ray
neutrons per square centimeter of earth's surface per second, Q, is
correct, and thiz intensity has remained constant over the last
several half-lives of radiocarbon, we can caleulate an expected spe-
cific activity for the carbon in the exchange reservair of (2.6 3¢ 60)/
8.3, or 188 + § disintegrations per minute per gram of carbon,
This is to be comparcd with the observed mean value (Table 2) of
16.2 & 0.5. Roth of these numbers are for the average carbon in
the inventory and are very closa to the number expected for carbon-
ate carbon, which is some 6 per cent higher in its radiocarbon content
than biological carbon. The agreement between these two values is
gratilying and suggests that no major lactors contributing to the
situation have been overlooked, although it does seem possible that
the agreement may be due in some part to cancellation of errors.

The possibility that the amount of carbon in the exchange reser-

43, L. C, L. Yuan amd K. Ladenlurg, Ball, Am., Fhys, Sec., 23, Ne, 2, 21 {1948).

#. E. C, Andersan, Ph.T, thesis, University of Chicage (1949),
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woir hes altered appreciably in the last 10,000 or 20,000 years turns
almost entirely on the question as to whether the glacial epoch,
which as we will sce later appears to reach into this period, could
have affected the volume and the mean temperatuces of the oceans
appreciably. Antevs,® Daly,® and Flint®¥ give 90, 85, and 102
meters, respectively, for the lowering of the seas helow the present
lewel during the last Tee Age, Thisis to be compared with the mean
depth of 3800 meters, so we may expect a decrease in the volume
of the sea by abeut 5 per cent during this period, the actual magni-
tude depending on the extent of the continental shelf in shallow
regions in this sea. This cffect in itseli would lead to an increase in
the specific activity of carbon formed during the glacial epach by
ahout this same percentage. Tn addition, there is the question of
the mean temperature of the oceans and whether this has varied ap-
preciably, An increase in mean temperature would act ta increase
the carbon in the rescrvoir, and a decrease in mean temperaturs
would decrease the inventory, Bearing in mind that both of these
effects will be unimportant unless the altered conditions last for a
time of the order of magnitude of the mean life of radiocarbon
(8033 4 50 years), we find it difficult at this stage to make correction
for these effects. [t dees scem possible, however, that the certain
decrease in velume and the possible slight decrease in temperaturs
might raise the specific activity of carbon in the exchange reservoir
during the glacial maximum by 5 or 10 per cent, causing an error
in the dircction of making glacial material appear somewhat too
young. We can estimate from the decay equation

I=fye=iir, (21)

in which fy i3 the original specific activity and = is the mean life,
that the error in the age will be given by

A r\{ f) +(M. (22)

in which Al is the error in the determination of the specifie activity
of the ancient material and A7, is the error made in assuming that

45 Awm. Geag. Sor., Res. Ser., No. 17, pye. 7482 (19280,

4-!:; Changimg Warld af fhe Tre Age (New Haven: Vak Univerzily Press, 1934),
i

7. Gluciul Geology and the [eafoene Kpoch (New York: John Wiley & Sons, 1947),
- 435
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Iy has the modern value of 15.3 for arganic matter or 16.2 for shell
and inorganic material, From this we see that a 10 per cent error in
Fy would make our glacial ages too young by some B0 years. As
further information becomes available on the chronology of the
recent ice ages, it should be possible to make @ more accurate correc-
tion for this effect. It ie to be hoped that Professor Urey's determina-
tion of prehistoric temperatures by the O content of fossil shell®
willl give quantitative information on the mean temperature of the
oceans in recent glacial times, With such data one then can caleulate
the expected change in the principal item in the inventory, the inor-
ganic carbon in the sea. The data available at present suggest that
the tempernture correction will not be large, though it must be
borne in mind and considered to be o souree of uncertainty.

It seems quite likely that the amount of living matter on carth
will not seriously affect the specific activity, for the reason that it
constitutes such a emall fraction of the total inventory in the reser-
voir and probably has always held this minor position. The eituation
would appear to be similar for the other two items in the inventory,
the dissolved organic material in the cccan and atmospheric carbon
dioxide,

The guestion of the constancy of the cosmic rdiation intensity
is much more difficult to answer. One feels that it is not unfikely
that the intenzity has remained constant in the sense we demand;
namely, variations in the average intensity over periods commen-
surate with the lifetime of radiocarbon, since it appears to be a
phenomenon onginating in the cosmos and therefore probably ticd
to u time scale similar to that controlling the inlensity of solar
radiation. However, it is not obvious a priori that this is true, and
we must admit the possibility of variations having ocewrred. About
the only sources of information on this peint discovered so far have
been the agreement between the specific activity of the present-day
inventory and the observed present rate of production and chserva-
tion that ancient materials of historically known age appear to

4R, H. €. Urey, Sciemce, 108, 489 {1938); J. AL MeUrea, J. Chem, Phys, 18, 340
(1950); 5. Epatein, K. Buchsbaum, IT, A, Lowenstam, and IT, C. Urey, “The Carbonates
Water Tantaple Temperature Beale,' Bill. Gealogleal Soclery af Awerfea, 62, 417 (1951);
H. C. Urey, H. A. Lowenstam, 5. Fjslein, and C. K. McKineey, "Measurement of

Paleotemperatiures aml Tengmratures of the Upper Cretaceows of England, Denmark
and the Southeastern Unived Seates,” Bull, Cealagpleal Saciely of Amerfea, 62, 309 (19513,
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exhibit the radiecarbon content calculated on the assumption that
their original assay was identical with that of the modern reservoir.
We have seen how uncertain the experimental information on the
present rate of production is and are therefore forced Lo eonclude
that agreement between this rate and the radivactivity of modem
meterial, which of course reflects the production rate as of some
8000 years ago- since the carbon atoms now found in modern wood,
for example, are 8000 years old on an average—is not & very firm
proof of the constancy and intengity of the cosmic radiation, It does,
however, agree with this pestulate, The rather satisfactory agree-
ment between the predicted and observed radiocarbon contents of
organic malerials of historically known age (Fig. 1) is somewhat
mare reassuring, Taking the oldest materials with an age of some
400 years, we observe their radiocarbon content, which was of
course due to an average production some 000 years previous {o
their existence, or some 12,000 years before the present, appears
within the cxperimental error to have been the same as at present,
This of course assumes that the size of the reservoir has not changed
simultaneously and in a compensating manner. However, for the
reasons given alwve we do not think that a significant facter of this
sort is very likely. Considering the maller empirically, we are ap-
parcntly justified in saying that, whatever the reasons, the specific
activity of living matter has not changed significantly in historic
times, and the problem resolves itsell into consideration of possilile
variations restricled to the prehistoric peried encompassed hy the
radiocarbion dating metheod.



CHAFTER IILI
HALF-LIFE OF RADIOCARRON

HE half-life of radiocarhon has been measured soveral
I times, Table 4 gives the results obtained, together with
the method of measurcment. It is clear at aplance that the
carly measurements in which the amount of radiscarbon in the
sample being measured was based on estimated bombardment yield
gave high values. The later measurements based on mass spectro-
metric assays divide into three groups, according le the method ol
measurement: (o) counting of solid barlum carhonate with thin
window counters; (&) gas counting with the earbon disulfide -carln
dinxide mixture describud] by Miller and Brown;' and {¢) gas count-
ing with C0; either as a small additive (o the standard argon-aleohaol
counter gas or a8 COy-methane mixture in the proportional counter.
Miller ¢t af.* have given evidence that the latter group is more nearly
correct, It seems on first principles that the point of 100 per cent
efficiency [or ionizing radiations is mest definitely settled in the case
of standand argon-aleohol gas mixtures and probably in the case of
the praportional counting technigue, The first group, using the solid
barium carbonate technique, seems to be subject to more errors in
that more serious corrections for scattering and absorption are in-
volved. The scecond group presents answers which are not clear in
their significance, and the discussion of Miller of al.? casts consider-
able doubt on the validity of the results obtained by this technique,
Therefare, in seeking the most probable value for the half-life of ra-
divcarbon, we select the three values determined by the gas-counting
technigue with ordinary gas mixtures. They are 5580 + 454 5580 +
1. W. W Miller, Sefence, 108, 123 (1947); 5. C. Hrown and W, W, Miller, Rre. Soi.
farsl., 18, 496 (1947 ).

2. W, W Miller, . Ballenting, W. Bernstein, L. Friednsan, A, 0, Micr, and B, T3,
Fvans, Pliyr, Rev., '3, 714 (1950).

A P,

4. A, (. Engelkemeir, W. H. Hamill, M, G, Inghram, and W, F, Libby, Phss, Rev,,
75, 1825 (1949); A, G, Engelkemeir and W. F. Libby, Ree. Sef. Inst,, 20, 550 (1950),
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TABLE 4

SUMMARY OF TIE PREEVIOUPRLY TVULISIED VALUES
FUR THE HALF-LIVE 0F RARIOCARDON
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75;% and 3513 £ 165;" for a weighted average of 5568 & 30, where
the weighting was taken according to the inverse square oot of the
errors quobed.

In ovier to exhibit evidence as to the reliability of the hall-life we
chooge, we shall discuss in & little detoil the metheds used in our
laboratory™ to obtain the value 3580 £ 45, These of course are very
similar to the method uged by Jones® at Los Alamos also, The first
point is the evidence for the ahbility of the standard argon-aleohol-
filled Geiger counter to record any jonization event oeeurring in the
gas phase except for the small volumes near the end where the electri-
cal ficld i3 reduced; in other words, the evidence for 100 per cent
cificicncy as one moves from the wire to the very wall of the counter,
The proof is not completely rigorous, but the evidence strongly
favors this conclusion. In the first place, it has been known since the
discavery of Geiger counters that o counter can be made to record
photocloctrons emitted from the wall if the wall is made of the
proper materiale, Photoelectrans cannot well have over 2 or 3 vaolts
of kinetic energy and therefore have an extremely small range of
their own and no ability to ionize the gas molecules, We therefore
conclude that single clectrons introduced right at the wall are
recorded with o not negligible efficiency by a good Geiger counter.
Further evidence on this point is that counters made with ap-
propriate materials such as cesium-coated walls must be coaled
to avoid an cxtraordinarily high background which is presumahly
due to the emission of thermionic electrons from the wall. These elee-
trons of course have even lower cnergies than the photoclectrons,
ranging around 0.03 cv, so again we see thet electrons introduced at
the very wall with encrgies below ionization encegies can be recorded
in these instruments. Neither of these arpuments shows that the
ingtrument records in the low-energy range in the wall region with
100 per cent cfficiency, It does show, howewer, that the efficicney
15 not zero for cven the lowest encrgics.

The argument as to efficiency rests almost entirely on two lines

5. WL ML Jenes, Phye. Rer, 76, 835 (19400,

G, W. W. Miller, K. Enlleniine, W. Bermsiein, L. Frisdman, A. 0. Xler, and K. I
h.'."ma. Fiyyps, Rewa, 77, 714 (19500,

7. A. G, Engelkenoeir ef af., Phyvs, Sev, 75, 125 (1949); A G, Engelkeneir aml

W, . Libhy, Res, Sef, Fust,, 21, S50 (1080),
8. Fhys. Ken,, 76, B85 {1045).



34 RADIOCARBON DATING

of evidence. The first is an experimont in which three counters are
set in & line with thelr axes parallel and connected electrically so
that, when the first and third counters fire simultancously, obscrva-
tion is mede as to whether the middle counter fires.® The simultanc-
ous firing of the first and third counters is due Lo & penctrating ra-
diation which passes through both instruments, presumably in a
straight line, and therefore certainly passes through the middle
counter, These obaervations show that the middle counter does fire,
The middle counter then is displaced in a direction perpendicular
to the line joining the first and third by a small amount, and the
observation ropeated. The displacement is continued until the very
edpe of the counter just is in line with the very edges of the first and
third counters, It iz then found that there is a very abrupt disappear-
ance of sensitivity of the middle counter, Further evidence has been
obtained in our own researches, as described later, in which we shield
the counter measuring vur samples from penetrating cosmic radia-
tion by surrounding it with a single layer of counters in tangential
contact. In a typical experiment we find that without the shielding
counters connected our central working counter records a rate of
some 120 counts per minute, whercas the rate is reduced to about
7 counts per minute by connecting the shiclding coupters. The
residual 7 counts per minute may well be due to contamination in
our central eounter or to radiation coming in the ends where our
shielding-counter array affords incomplete coverage. We thus con-
clude that at least 95 per cent and probably more nearly 100 per cent
of the radiations passing through the counter bundle are recorded
by the counter bundle and therchy written off the record. More to
the point, however, is that experiments in which we have added o
seoond layer of counters have not significantly reduced this hack-
ground, This seems to have the interpratation that counters in tan-
gential contact possess nearly a 100 per cent efficiency throughout
their volume.

The second general line of evidence is the internal consistency ob-
tained in the measurements on the hali-life of radiocarbon by using
counters of various diameters, as discussed later. [f the hasic assump-
tion of limited efficiency were not true, it seems clear that the con-
sistency would be reduced. The assumption therefore was made in

0, K. Greisen andl X. MNercson, Plye, Ber, 62, 316 (11H2).
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these researches that a standard brass-wall Geiger counter filled
with argon and ethyl aleohol at typical pressures of 7 cm. of mercury
pregsure of argon, and 1.2 em, of mercury pressure of ethyl aleohal
would record any fonizing event that involved so much as a single
ion pair in any part of the volume between the counter wire and the
very surface of the brass wall.

With this assumption the task of measuring the half-life of radio-
carbon is reduced to three parts. The first is to determine the end
loss, that is, the effective volume al the ends of the counter where
the field is so weak that radiations appearing in the gas are not re-
corded, The second task is to make correction for the case in which a
radioactive carbon atom expels its beta ray in the direction of the
wall but lies so close to the wall that it does not suceeed in ionizing
the counter gas before entering the wall, and then the ray enters the
wall and remains in it without ejecting secondary ions from the
wall. This is called the wall correction. The third task is of course to
measure out a known number of radiocarbon atoms into the counter
and to observe the disintegration rate. Correcting for the end and
wall logses, ane then can caleulate the absolute disintegration rate
and half-life.

The method wsed to obtain the end-loss correction is the ohvious
one of taking a set of counters of a given diameter but of different
lengths, filling them with a given pressure of radioactive carbon
dioxide, and observing the count rates. One then takes the difference
between the rates observed for counters of two different lengths as
the rate one would observe for a counter of length equal to the dif-
ference in length but with no end loss and from this calculates the
end losz observed in the two counters. Tsing this technigue and
counters with flat ends made of lucite plastic plugs, so the construc-
tion of duplicate counters would be simple and the ehserved end
corrections generally applicuble, we have found that the end corree-
tions are primarily dependent on the length-to-diameter ratio, For
example, a counter 12 inches long and 2 inches in diameter has nearly
the same percentage end loss as one 6 inches long and 1 inch in di-
ameter, [n addition, the correction is extraordinarily independent of
energy for bete emitters up to 0.74 mev upper encrgy limit, Three
substances were used for this study: AY, which emits 2.8 kev Auger
electrons; CM with a beta spectrum with a 154 kev upper limit;
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and Kr* with a beta spectrum of 740 kev upper limit. The results
are shown in Figure 5. The correction can be expressed empirically
Ixy the equation
y=K/{L/D-K), (23)
where K has a value of 0.275 £ 0,19
The second correction on the count arises from the possibility
that a radicactive carbon dioxide molecule that happens to dis-
integrate near the wall and to fire its digintegration electron in the
direetion of the wall will cither fail to produce a free electron in the
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gzas itsell o fail to dislodge one or more from the wall, At first glance
this seems unlikely to be a serious effect, and it is indeed o zmall
effect, but one large enough to require & correction. It is clear that
the effect is proportional to the surface-to-volume ratio or should
vary inversely as the diameter of the counter. One therefore can
compare the shserved count rabes as a function of the diameter of
the counter alter the rates have heen corrected for the end loss and
empirically determine the magnitude of the effect. Measurements
with Kr* have given" a correction of 6.9 £ 1.1 per cent for 1-inch

i Engelkemelr and L, Rer, Sef. Twer., 20, 550 {1930, 1. dhid,
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diameters, 4.6 £ 0.7 per cent for 1.5-inch diameters, and 3.4 + 0.5
per cent for 2-inch diametor counters, Tt is also clear that the effect
should increase with the energy of the radiation emitted, since the
number of ions formed per unit length of path decreases as the energy
increases. In keeping with this, no wall logs was found for the very
soft 28-kev radiation from A¥, We therefore can expeet that for
radiocarbon with energy intermediate between these two substances
the correction should he of the arder of 2-4 per cent depending on
the diameter of the counter. The (' data themselves indicate this
to be so: for 1-inch diameter counters 3.5 + 1.2 per cent; for 1.5-
inch diameters 2.3 £ 0.8 per cent; and for 2-inch dismeters 1.8 £ 0.6
per cent are the values found.
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It is possible to estimate the magnitude of this cormection semi-
empirically by considering the data for the density of ionization pro-
duced by heta rays of various energies.” Using these data and aver-
aging over the known beta spectrum of radiocarbon, one caleulates
the mean thickness of the gas near the wall which fails to count.
This is a flctitious physical concept, of course, since part of the gas
even next to the wall will fire its beta rays into the main bady of the
counter and certainly record a count. The second component of
the semi-empirical calculation iz the effect of splashing-out of
gecondary electrons by the clectron incident on the wall, Data for
this phenomenon are known for brass surfaces," since they are of
great importance in the operation of the standard photomultiplier
tube. The results of this caleulation are given in Table 5.

It is intercsting to see how well the semi-cmpiricelly caleulated
corrections agree with those observed experimentally. The first half-

12. Fhid. 14, Fhid.
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life published on the basis of the data obtained was 5720 + 47
years," in which the wall correction had not heen made. The reality
of this correction was revealed by later rossarch,™ and a correction
of some 2.5 per cont was made to lower the value to 5580 4 45 years.

The radionctive carbon dioxide used in the determination was ob-
tained from the Tsotopes Division of the Atemic Energy Commis-
gion, and fuur master-samples of carbon dioxide of different isotopic
compogition were prepared. These were carelully analyzed for the
C' gontents on the mass spectrograph. The four masters were then
diluted Iy vartous fuctors to provide seven working samples. Since
the original compositions were in the range of from 1 to 6 per cont,
dilution factors of several thousand fold were necessary to lower the
specific radioactivity of the carbon dioxide to a measurahle value,
The dilution was accomplished by allowing part of the master-sample
to expand from its storage bulb into a MeLeod gauge. A 0.3281-cc.
bl had been sealed to the capillary of the Mclcod, and the radio-
active COy was forced into this bulls by raising the mercury., The
vacuum line was thoroughly evacuated and the pressure of CO; in
the hulh measured. Tnert OOy was then used to flush the vacuum
ling, and a pressure of inert C0y was allowed to build up so that, as
the mercury was bowered, inert OO was forced through the mercury
into the McLeod to a pressure of 40 or 50 em, of mercury. The vacu-
um line then was evacuated, and the tolal pressure in the 503,1-cc,
MeLead volume was measured. After allowing to stand to mix, the
diluted sample was stored in & Lull by condensation into a trap at-
tached to the bulbusing lguid nitrogen. The temperature of the room
was recorded throughout the process, and it was considered that no
significant error was introduced in the dilution step.

The diluted working sample was introduced into the counterin a
number of different ways, The most satisfactory of the procedures
was to intreduce a known pressure into a rather large bulb to which
& known pressure of argon was then added. After thorough mixing,
this gas mixture was then introduced into the counter, to which
some 1.2 cm, of ethanol vapor had previowsly been added. The count
rate then was determined to a fraction of a per cent error, external
standards being used to check that the counter was operating with
its usual efficiency and corrections hefng made for loss due to a count

M. Engelkemeir of ol., Phyr, Ber., 75, 1828 (1949,

15, Engelkenstis sl Lilby, Kre. Sei. Jmsi., 21, 550 {1950},
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vecurring while the counter was busy with the preceding count {this
correction in gencral was quite small), Somewhat over a hundred
measurements of this sort were made in the course of & two-year pe-
ried, resulting in the value 5580 4 45 mean solar VEATS,

The agreement between our determination and those of Jones'™
und Miller & ol is gratifying and leads us to believe that the
weighted mean of these three determinations, 5568 £ a0, is prob-
ably accurate to within 50 years and almost certainly to within 100
years. The importance of an accurate value for the half-life to the
radiocarbon dating technique is obvious, it being true that a 1 per
cent error in the hall-life appears immediately as a 1 per cent error
in the absolute age of any given sample. For example, a 10,000-year-
old sample could never be measured to better than 100 years under
such canditions. Tt is also equally clear that a chronology could be
developed in which the radiocarbon half-life was defined to be 5568,
and questions of simultaneity would not be incorrect even though
the hali-life were indeed quite erroneous,

A further point in favar of a half-life somewhere Detween 5000
and 6000 years is the result obtained with ancient samples of his-
torically known age (Fig. 1). Une cannot use these data to decide
definitely hetween the various determinations of the hali-life given
in the latter part of Table 4. It is conceivable that a careful research
devoted entirely to the most careful measurement of the specific
activity of the historically dated samples would give data of such
accuracy as lo distinguish between these values. Our swn experience
has heen that the fit of the data we obtained when we thought the
life to be 5720 was not any worse than the one obtained at present
with the new life 2.5 per cent lower.?

It is to be hoped that further measurcments on the half-life of ra-
diocarbon will be made, preferably by entirely diffcrent techniques,
since considerable agreement by the present technique we favor has
already been obtained, This is important not only for the radinearhon
dating technique but for many problems in nuclear physics and
radiochemistry, where methods of measuring absolute disintegration
rates rather than relative rates are of vital importance,

16, Phys, Res., 76, 585 (1940).
17, Phys. Rev., 77, 714 (1950),

18, W. F. Libhy, E. C. Andétrson, and J- B Ammobl, Sedence, 1049, 237 (1948),
19, J. K Arsald and W, F. Tibby, Science, 110, 678 (1840,



CHAPTER IV

PREPARATION OF THE SAMFLE
FOR MEASUREMENT

technique is that the material measured contain the arigi-

nal carbon atoms peesent in the sample at the time it died
or was deposited from the exchange reserveir, This means, of course,
that the chemical form in which the carbon is bonded may have real
bearing on the validity of the result obtained. Chemical experience
clearly indicates that the covalently bonded molecules which con-
elitute the organic workd are less susceptible of replacement of the
carbon aloms by direct exchange than are the inorganic meleeules
such as the carbonates, One therelore does not fear particularly the
possibility that the carbon in carbonate, bicarbonate, or carbon
dinxide will exchange with the carbon atoms in organic structures
such as wood or flesh ar cloth or charcoal. One does worry con-
siderably, however, about the possibility that underground walers
washing over shell would cause an exchange.

On the other hand, putrefaction and chemical altcration arc pos-
sible with organic systems, and one has to worry about whether 2
given sample has been so altered. OF course it is obvious that in a
rich find where materials of various chemical forms exist one has an
excellent opportunity to test whether alteration has eccurred by ol-
serving whether the radiocarbon ages obtained from the various
chemicals present in the site agree. It is clear that, if agreement is
found, alteration has not eccurred, for it is extremely unlikely that
shell and wood would be altered to the same degree, the chemical
reactions involved being so different in character.

1f one examines the nature of putrefuction reactions, ane observes
that, by and large, they involve a degradation of meleeular weights,
“That is, large molecular structures are reduced in size, and certain
structures arc so large as to not be involved. Among theselatter,
charcoal is most important. One does not anticipate that charcoal
will be altered by any sort of attack of organic systems. Ahout all

L¥]
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that can conceivably happen is that it would be burned to gaseous
carlon monoxide and carbon dioxide and s0 ezcape, but it seems
clear that, if one does find carbonized material and carciully re-
mowves other material from it, alteration in the residual carbon is
extremely unlikely from a chemical and biochemical point of view.
Materials such as wood, grass, and frosen flesh are most debatahble.
However, wood consists largely of very large cellulose molecules,
and, if one were ta take care to separate the smaller molecules from
wood, it seems very likely that alteration would be definitely ex-
cluded, Likewise similar processing of filivous materials such as
grass would be a good precaution.

In the case of shell material there is no chemical guaranty that the
material hag not been altered. 1t does appear, however, from results
of ours on radiccarbon content in ancient shells found together with
organic metter, and results of Professor Urey on the O'f content of
the oxygen in the carbonated shells! that shells which appear well
preserved physically have a good chance of Lelng authentic. More
work is needod on this point, however, and at the present time it is
difficult to say of any given case whether shells will give reliable re-
sults. We look for evidences of alteration such as a powdery appear-
ance or chalky consistency.

Our experience on woods and grasses and even peat material has
leen quite favorable in that we have very few evidences of altera-
tion and some rather striking examples of organic matter such as
twigs and leaves which have lain in the ground for over 10,000 years
and been bathed by the underground waters, which apparently givé
reliable results in that they check with well-preserved pieces of wood
found with them and also with the general stratigraphy and chronol-
ogy built up by the whale set of dates. We are therefore inclined to
recommend the materials normally found in about the following
weder:

1, Chorenal or charred opmuic material such as heavily lumed Lone

2, Well-preserved wood

3, Grasaes, cloth, and peat

4. Well-preserved antler and similnr hairy structures

5. Well-preserved shell

1. H. £ Urey, Seivnce, 108, 489 (1948); 1. M. MeCren, J. Chem. Phys, 18, B0
[190500;: 5, Eyatein ef al,, Bull. Geslagleal Baclety af Amevica. 62, 417 [1951); H. €. Urey
el .Brr”.%!ﬂﬂjﬁf-ﬂﬂ Saglely af America, 63, 399 (1931).
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We have had no experience with bone as such and believe that it
is & very poor prospect for two reasons: the carbon content af bone
is extremely low, being largely in inorganic form in & very porous
structure; and it is extremely likely to have suffered alteration. 1t
iz barely conceivable that measurements on bone might reveal that
some reliability could be obtained. Fowever, hecause the quantitics
required are so large, and there usually are other acceplable ma-
terials associated with a find of bone, it docs not scem to be an
urgent matter to pursue.

It is to be realized of courss that our expericnces with various
types of samples must be taken in the light of the actual chemical
processing we have used in the preparation of the samples for meas-
urement. A description of this process follows.?

1. The first step in each instance is carefully to examine the sample
and to separate out as well as possible by physical methods the ma-
terial desired. For example, o piece of wood will usually be dirty and
is eleaned physically as well as possible, and perhaps the surface re-
moved by sawing or cutting so the danger of contamination is re-
duced. In the cass of finely divided charconl from camp fires, it is
necessary carefully to remove intrusive rootlets and other matter
which might intreduce modern carbon into the material. It is hoped
that eventually physical scparation methods may be developed to
the point where rather low carbon-containing soils can be examined.

2. The physically cleaned sample is then tested with hydrochloric
acid solution for calcium carbonate which may have been deposited
in the eracks and internal fissures by underground waters. If any
effervescence of carbon dioxide iz observed on this test, the sample
then is teeated for several hours with about 1 N hydrochloric acid
until effervescence ceases, after which it is carefully washed and dried
in a laboratory oven. This is & particularly important part of the
processing and should be conducted with real care. In the casc of
materials containing considerable extraneous matter other than the
desired organic substances, the acid treatment frequently works to
purily the sample. For example, burned bone is treated with 1-3 N
hydrochlorie acid for 24 or 48 hours until the bone structure is dis-
solved, and the residual carbon, which of course does nol dissolve
in acid, is then removed by filtration. In ane or two cases colloidal

3, E. €. Anderson, J. K. Arnold, asd W, F, Libby, Rer. Sef. Inaf,, 22, 725 (1951),
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organic substances formed as a result of treatment of charred hone,
wnd this matcrial was separated by dialysis of the acid solution
which concentrated the colloidal organic material and allowed scpa-
ration and drying and use of this fraction.

This acid treatment probably guarantess o a consideralile extent
againat the ineorporation of putrefaction products in that it would
heavily weigh against small organic molecules in that they would be
dissolved out as gases or resist the filtration or dialysis steps,

3. This step consists of the controlled combustion of the sample,
il it iz organic in character, to form carbon diexide, or the addition
of hydrochloric acld to cvolve carbon dioxide if the zample is shell.

. Q99
70

Frs. 6. —Combustion and reduction line assembly

Figure 6 displays the apparatus in which the present step and sev-
eral of the subsequent steps in the procedure are conducted. The
combustion of the sample is carried out in the Vycor tube (4).
Oxygen from a standard commercial cylinder is passed over the
sample at a pressure slightly below 1 atmosphere, and the com-
hustion gases are carried through hot copper oxide heated in o
Vycor tube by a lurnace (&) to complete the oxidation by eonverting
carbon monoxide and pessibly other gases to carbon dioxide. The
gas stream then is led through a dry-ice trap and Drierite tube to
remove residual water. Following this the gas is led through a con-
trolling stopeock (£) into two successive liquid nitrogen traps (C,
in which the carbon dioxide is condensed. The combustion is begun
by setting the flow rate with the control stopeock (D) while air is
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passing through the systom such that the pressure in the trap system
is about 10 em. of mercury with the high vacuum exhaust pump (1)
full on. Oxygen then is admitted and the flow adjusted through a
needle valve to maintain the pressure in the combustion system at
slightly below 1 atmosphere, The oxidation is begun by igniting the
sample with & torch applied externally. Some of the carly combus-
tions were conducted in an apparatus different from the Vycor
tube (A}, in which the sample was placed on the top of a vertically
traveling screw adjustable in position and the fire started on the top
end of the sample and the screw rotated to bring fresh sample into
the flame zone as combustion proceeded. The whole assembly was
inclosed in o glass bull to which the product oxygen was fed and
from which the product gases were removed continuously. The
oxygen was intraduced with little jets near the flame zone. Thiz ap-
paratus is a slight modification of a standard apparatus used for ash-
ing samples of organic matter for the detection of traces of iodine.!
The important feature of the device is that enly the portion of the
gample actually burning is heated appreciably and that the hot gases
do not pass over the wnhurned portions of the sample. Tt was par-
ticularly valuable in the combustion of flesh and similar materiale.
However, the bulk of the samples are handled in the Viycor tube (A).

The amount of material sclected for combustion, or acidification
in the case of shell, is determined by the carbon content of the ma-
terial, Tt must be such as to yield between 10 and 12 grams of cle-
mentary carbon, which is equivalent to some 24 liters of carbon
dioxide gus. In the case of pure charcoal, of course, 10 or 12 grams
would be sufficient. Actually the charcoal is rarely this pure; some-
thing like a half-ounce or more is usually taken. In the case of pure
shell in which the acidification procedure is used, some 100 grams is
the minimum. As a rough rule we suggest that in the case of mate-
rials of high carbon content at least 1 ounce per sample (28 grams)
he submitted and preferably several ounces. Tf the carbon content is
doubtful and no accurate analysis is available, at least a pound or
more should be collected.

4. The material condensed in the trap system at the conclusion

1 F.C Andersm, PhA), thests, University of Chicags (1049,

4, 0, M. Karns, Fed, Eng, Chene., Aual, i, 4, 28 {1932); H. van Kolnitz and
R. K. Rensnglon, fnd. g, Chem., Amai. B, 8, 38 (19338); F. X, Gassner, Tud. Eng.
Chem., Anal, Ed., 12, 13} [1940h
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of a run consists not only of carbon dioxide but also of the exides
of nitragen, sulfur, products of incomplete combustion, and any
radon that may have been present in the sample. Radon iz a noble
gus of rather high boiling point which i3 a radicactive disintegration
product of uranium, the ubiquitous parent of most of the radio-
activily in seils and rocks. This might well follow through the sub-
secuent steps of the procedure and lead to a falsely radioactive final
product if chemical purification were not used. The chemical purili-
cation therefore accomplishes the removal of the bulk of contamina-
tion consisting of oxides of nitrogen and sulfur and the trace radio-
chemical contamination by radon, The purification is accomplished
in the following manner: A Liter flask containing 500 cc. of 6 &
NILOH is attached to the stapeock at point E. Alter the traps huve
been purmped down at liquid nitrogen temperature, the Dewars are
removed and the carbon dioxide s evolved, using a flame to speed
up the process. When the pressure reaches 60 cm, of mercury, the
trap system is connected to the flask. A rapid ahsomtion of the gas
takes place. The evolution of the gas is continued, and the flask is
shaken to insure absorption until the traps are empty. The pressure
at this point should be about 70 em. of mercury, and the solution
should be quite hot, A second solution consisting of 180 grams of
CaCl-2HA in 180 e, of water is heated near to balling. The flask
is removed from the ling, and the hot calelum chloride solution is
added slowly from a separatory funnel. Rapid precipitation of cal-
cium carbonate takes place. It is essential that this step be carried
out in such a way that the final temperature of the combined solu-
tion be higher than 707 C. Otherwise a flocculent, poorly filterable
precipitate results, The precipitate is filtored and washed free of
ammonis, the weshings being made with distilled water. It is then
removed from the Buchner funnel used Tor the filtration and washed
into a clean 1-liter flask. At this point all the oxides have heen left
hehind in the form of soluble salts, and the radon has beenlost
either by gaseous cvelution or in the agueous solution.

Carbon dioxide now is removed from the precipitate, vsing the
siume system employed in the combustion, A separatory funnel con-
taining 230 ce. of concentrated hydrochloric acid is placed in the
flask. A second lead is attached to the drying and collection system
at F. It iz important that the tube from the separatory funncl reach
nearly to the bottom of the flask to prevent the accumulation of acid
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and uneven reaction. Tn the beginning of this operation the gas-
flow rate is set as in the combustion operation. The stopeock leading
to the flask is opened, and acid is added at a rate sufficient to keep
the pressure in the flask slightly below 1 atmosphere.

The gas I dried carefully and collected in the traps (C) and then
allowed to evaporate into a system of 5-liter bulbs (&), where it is
stored ready for the reduction step.

5. Reduction is carried out in an iron tube (fF), which is filled
with abwut &5 grams of magnesium turnings together with 1 gram
of cadmium powder or turnings as a catalyst, An S-inch movable
electric furnace capable of reaching 1000° C. is placed around the
tube, The conds of the tube are sealed with rubber stoppers and
dekhotingky wax, and the reduction system evacuated and tested
for freedom from leaks.

Carhon disxide I8 now admitted to the tube up to a pressure ap-
preaching 1 atmosphere and external heat applied with a torch at
one end of the magnesium filling. When a temperature near the
melting point of magnesium (660° C.} is reached, the reaction begins
rather violently and produces sullicient heat to maintain itsell if
gas is admitted at a moderate rate from the bulbs, The chemical
redction involved is

I Mg+ C0O=1MO+C. (24)

Since the reaction involves no gaseous products, no circulation is
required, and care must be taken because the heat evolved is so large
that, unless the inflow of carbon dioxide is controlled, the reaction
will melt the ron tube, It is & practice to run in gas from one bull in
a controlled fashion, The carbon dioxide in the storage bulbs is in-
troduced into the reduction chamber ane bully at a time until pres-
gure is reduced Lo about 20 em. of mercury in cach, In this way five
or six bulbs of gas can Le reacted smoothly before the other end of
the magnesium filling is reached. To complete the reduction, the
remaining gas is condensed in the trap (J) and may either be ex-
panded into a single bulb or reacted directly. Tt is necessary to apply
externul heat using the furnace to start the fire again after this col-
beetion of the residual carbon divxide in the various bulbs, When the
reaction is complete, no more than 1 or 2 em, af mercury pressure
should remain in the manifold system, and the bulbe should be com-
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pletely empty. The reduction tube then is allowed to eool, and the
carbon, magnesium oxide, and unreacted magnesium are removed
from the tube, using an iron rod as a ram,

6. The material taken from the reduction tube is placed in a clean
3-liter beaker, Sufficicnt distilled water iz added to dampen, and the
mixture is allowed to stand 13 minutes until the hydrocarbons which
are formed in small yield, presumably by the impurities in the mag-
nesium metal, are decomposed and evolved, Concentrated hydro-
chloric acid then is added as rapidly as possible without huhbling
ever. The proper rate for this is about 25 ce. every 5 minutes, After
about 100 co, have been added in the first 20 minutes, an additional
00 ce. is added rapidly. It is well to have a spare 3-liter heaker
handy in case of overflow at this paint.

The acid solution is allowed to stand overnight in a hood g0 the
fumes evalved are exhausted from the room. It is then placed on a
hot plate with an asbestos pad over the plate at “high" heat. After
the acid is brought to a boil, about 1 liter of distilled water is added,
end the solution brought Lo a boil and allowed to bail for abaut 15
minutes, It then is filtered by the insertion of a sintered glass “flter
stick" made by taking a coarse sintered glass suction funncl and cut-
ting off the rim normally used to hold the solution in the funnel down
to the level of the sintered plass plate, scaling a picce of glass tuliing
about 6 inches long on the end of the funnel, and connecting the rub-
ber hose to & good aspirator. This device has the advantage of re-
moving the obnoxious acid selution without mechanical lifting and
dispersing it in the sewer system immediately after dilution. It also
has the merit that no new glass apparatus has to be brought into the
process with its consequent danger of introducing contumination,

After sucking the black carbon residue dry, 1.5-2 liters of dis-
tilled water are added and the system again brought to a haeil and
allowed to boil about 15 minutes. The filtration step is then repeated,
and distilled water added again and brought to a beil for the same
length of time, This washing step is then repeated a third time, at
which point the wet carbon is transferred to a clean 400-cc. beaker
quantitatively Ly washing out with distilled water and finally drying
roughly hy the use of the filter stick. Tt then is placed on the hot
plate on “low" heat and left there for alout 4 hours, until moisture
just ceases to condense on a cold watch glass,
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Alter the drying operation the dry earbon s replaced in the origi-
nal beaker, and about half o liter of concentrated hydrochloric acid
is added, and the mixture allowed to stand about 1 houre, It then is
brought to & boil, and the process of filtering and washing described
above is repeated. After this the drying operation described above is
perfermed again,

The sample then is placed in o clean, welghed, dry bottle with a
serew cap, carefully labeled, and weighed.

7. The final step in the preparation of the sample for measure-
ment consists of grinding in an agate mortar and pestle to a consist-
ency approaching that of powdered sugar, returning the sample to
the bottle and mixing it by shaking, after which about 0.5 gram are
removed, carefully weighed, and the percentage ash in the sample
determined by combustion, Care is taken during this aperation to
expoae the sample to the air for the minimum length of time, to
keep cigareLte ashes and other room dust out of it, and not to breathe
into it excessively. The percentage ash Is necessary as o correction
on the count rate observed, for, of course, the ash reduces the ob-
served specific radioactivity.

A number of precautions are taken throughout this process. Prob-
ably the most important of these is to purchase all the chemicals in
large quantitics so that a single guccessful run with coal in which
no radinearbon is obtained will validate the purity of considerable
quantitics of chemicals. One can then feed fres to seek sources other
than the chemicals for any contamination that may appear in the
sample. We have heen singularly fortunate in that to date we have
olserved no chemical contamination of any sort, We are careful to
use the sume glassware that has been used in previous runs with coal
samples and to be extremely cautious that the carhan is exposed to
the air a minimum time while cool and dry. In fact, care is taken to
Dottle the carbon or to cover it with acid solution gquickly after the
drying period. The carbon produced in this reaction possesses an
extremely high specific surface arca so thal its power to absorb
vapors is large. Rough measurements have indicated that it posscsscs
gomething over 200 square meters of surface per gram on the aver-
age. This means that any considerable exposure to room air is
likely to lead to radon absorption and contaminution. Of coursa it
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is almost unnecessary to gay that the laboratory in which the
chemical processing and the sample mounting to be described later
arc performed should not contain any radioaclivity that is not
tightly sealed and protected from access to the air. Tt is geod prac-
tice to keep the laboratory clean of all radioactivities,

There ig a considerable mystery remaining about the origin of the
agh in the sample. We ordinarily find it to be less than 10 per cent,
hut cecasionally for some unknown reason it will approach 20 per
cent, W do find that unless the material is dricd as described above
and then re-extracted with acid, the ash usually is above 20 per cont.
It is further found that a recalcitrant sample with a high ash can e
successiully reduced in ash content by heating to a dull red heat
in & guartz or heavy Pyrex test tube which is closed from the air
with & loose glass-wool plug. The heat is continued for several hours,
and acid extraction as described above is used afterward. This al-
most invariably reduces the ash below 10 per cent. A source of worry
of same Importance exists in the chemical compesition of the impuri-
ties which constitute the ash, The correetions as ordinarily made as-
sume that it is magnesium oxide—in other words, that it has the
same chemice] eomposition while in the sample as it does alter igni-
tion. Experience has shown that thiz method gives results which are
acceptable in that the zame value for the speeific activity of a given
original sample is obtained from two or more portions which have
heen burned, reduced, extracted, and measured and in which the
final carbon samples obtained from the several portions have dif-
ferent ash contents. We would therefore sugpest that the impurity
is indeed in the form of magnesium oxide which is tightly covered
with carbon and that the drying and heating operations describwed,
which are ohserved to reduce the ash, essentinlly crack loose the car-
hon covering from the small magnesium oxide particles. Tt has been
shown that the ash does indeed consist of magnesium oxide rather
than of other materials,

A special equipment and chemicals Iist for the operations de-
scribed in this chapter is given in Appendix A.



CHAFTER V
MEASUREMENT OF THE SAMPLE

active substances is an ancient one around which a con-

siderable lore and artistey have been built. In the casc of
raddincarbon at the levels existing in nature one needs to use the most
sonsitive techniques known, On the other hand, it is essential that
the procedure be as simple and as reliable as possible. There are two
slbvious ways in which to procesd with the problem. One is to meas-
ure the material in the gaseous state as either carbon diexide or meth-
ane, in which the sample being measurcd constitutes part of the
gos phase of the detection instrument. It would seem wizest to use a
proportional type counter operating at as high a pressure of methane
or carbon dioxide as feasible in which the pulses due to the radio-
carban beta radiation were segregated to a certain extent from pulses
af different size due to extraneous effects such as cosmic radiation
and wall contamination in the apparatus, This Lype of attack was
not pursued in this research, for caleulations indicated that the sec-
ond obvious approach would be somewhat more sensitive and reli-
alle, though it would require somewhat larger samples, This consists
of measuring clementary carbon itself in the solid state.

The construction of the instrument must be such as to insure the
maximum ratio of count rate due to the sample to count rate due to
background, that is, the cosmic radiation and apparatus and labora-
tory contarination, In the first place, onc immediately chooses &
Cefper counter as the detection instrument, since it is the only in-
etrument which will detect a single thermal energy electron with ap-
parently 100 per cent efficiency. This establishes it as the most sensi-
tive of all instruments for detection of lonization, Having selected a
Geiger counter, which consists in essence of a cylinder with 2 wire
down the axis, one secks to mount the carbon sample in the position
which will insure the maximum sample effect to hackground ratio.
1t is clear from the geametry of the Geiger counter that there is only

5
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one place to do this, and that is on the wall, Tt is further clear that
ane must not interpose between the counter gas and the sample any
more solid material than is necessary, Therefore, one builds the
Geiger counter essentinlly with the elementary carbon as the wall of
the eounter, It is [ortunate that clementary carbon is an clectrical
conductor,

The next problem one faces in instrument design in this problem
is that of measuring the background witheut changing the eounter
gas and other eritical characteristics of the instrument. In other
words, ong wants to change the wall of the Geiger counter from ane
material to another without changing the Geiger counter in essence.,
All these things are accomplished by the instrument known as the
scrcen-wall counter,! an artist"s sketeh of which is shown in Figure 7.

The essential principle on which this instrument operates is that
the most important part of the counting act takes place near the
counter wire, and therefore the only essential requirement is that
the ficld near the wire be undisturbed by changing the counter wall
from the carbon sample to bare metal for the background meagure-
ment. This is accomplished by interposing gridwork about haliway
between the counter wire and the sample cylinder which constitutes
the counter wall, One then controls the potential on the screen wall.
It then operates essentinlly as the wall of an ordinary Geiger counter
with respect to the wire except that it is extremely porous to radia-
tion. Radiations which miss the screen gridwork structure itself can
be recorded, providing they enter the gas at all by the interposition
of o small “drag-in" potentinl which serves to accelerate electrons
towird the screen counter structure if they are formed in the space
between the ecreen and sample cylinder. Conversely, if one wants to
restrict the esunter volume just to the screen structure, this can he
done by using a “drag-out” potential. These potentials are small, of
the arder of 50-100 volts, Figure § shows the behavior of the count
rate for & typical screen-wall counter of the dimensions and construc-
tion wsed in this research, as a function of the potential between the
sample cylinder and the screen, We normally operate with 90 valts
drag in potential in the radiocarbon dating work. It is ahvious fram
Figure 8 that there is nothing critical about this number.

1. W, F. Lildy, Plhys, Ren., 46, 196 (1954); W, F. Libhy and T, T, Lee, Phps., Kes,
82, 245 (1939),
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In the instrument as described, one has & cylindrical vacuum-type
gpace filled with counter gas, along the middle third of the length of
which Geiger counter registration of ionizing events take place, and
inside of which a sample cylinder two-thinds as long as the instru-
ment itself is placed. One half of the sample cylinder has the sample
mounted on it; in this case clementary carbon, With thege dimensions
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there are two positions, one in which the sample itsell constitutes
the wall of the counter, and the other in which the bare metal of the
sample eylinder constitutes the wall of the counter. One changes
from one position to the other simply by lifting the instrument in
one's hands and gently shaking until the sample cylinder slides to
the other end. It is purposely machined 1o have freedom of motion
without having excessive radial play. The procedure of measurement
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then consists simply in observing the rate in the two positions with
appropriate frequency of alteration and recording the data.

The sensitivity of the Ingtrument to radiecarbon radiation is best
established by the uze of a sample assayed in an absslute manner
such as that described in chapter iii. A sample of radioactive carbon
dlioxide of accurately known specific activity used in the half-life
determination® was taken, accurately diluted with ordinary carbon
dioxide, and then reduced and converted to a standard carbon
sample in the way deseribed in the preceding chapter. This material
then was mounted and the ohserved count rate taken under various
conditions in order o determine the absolute efficiency of the instru-
ment for radiocarben radiation when observed from elementary car-
Lon samples. Several such standard radiccarbon samples were de-
vised, and tests were carried out in four different screen-wall
counters, One of the tests was made by using & sample only 1 inch
in length. The standard sample cylinder is & inches in length, so the
1-inch sample was placed in the eight different pesitions, numbering
from the end farthest removed from the counter volume when the
sample cylinder is in the “background" position. The reasons for
undertaking this test were primarily to reveal the Iraction of the
raddiation which entered the counting velume from the background
position and the variation of sensitivity at the very end of the sample
evlinder. The data are given in Table 6.

These data show that the efficiency rises rather rapidly as one
moves in from the end of the sample, so that only the first 1 inch
is appreciably lower in efficiency than the 6 inches of sample in the
central portion. Tt is also clear from these data that some 34 per
cent of the net sample count that would be observed, were not the
background changed by virtue of the radioactivity of the sample,
acts to increase the background, Therefore, in deducing the fgure
by which we are to multiply the shserved diference hetween sample
and background pesitions to obtain the absslute specific activity of
the sample, we must take the eficiency calculated from the actual
difference between background and semple averaged over the vari-
ous positions, This is calculated to be 5.35 + 010 per cent for these
data. One gram of carbon mounted on the 1-inch-long section of the

1. A, G, Eagelkeneeir, W, H. Hamill, M, . Tnghram, and W. T, Libby, Phys. Ber,,
75, 1825 (10400,
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sample eylinder hed an absolute disintegration rate of 1860 disinte-
grations per minute.

Table 7 presents data in which a standard sample of the full &
grams weight and meounted over the full § inches of length of the
eylinder was placed in four different counters. The absolute efliciency
caleulated on the basis of the observed difference between sample

TABLE 6

EFFICIENCY OF SCREEN-WALL COUNTER ALoxt: I8 LENGTH
(Coanter Mo, & standard 10 em. A 4 0.5 em. CHY
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TABLE 7

EFFICIENCY OF SCREEN-WALL COUNTERS

Absalule Efficioncy
iPer Cens ol
Countar Absnluze Raed

4 5. 56.£0.08
B rrrrriiiiiiineee s 5.5020.07
e A AR a A o 5,30 20,07
Tiienrnrnnnnnne.. 5372007
Ring (Table 6) ........ 5.35£0.10
Average (weighted) ... 5.4620.03
and background is given. This number is used o convert the ob-
served count rates to absolute disintegration rates,

The radiocarbon radiation has a range of some 28 myg/em?; that
is, a foil weighing 28 my/cm? will just stop the radiation. The ab-
sorption is nearly exponential; the half-thickness, or thickness nec-
essary to absorb half of the radiation, is about 2.3 mg/fem®, [t is
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clear, therefore, that for our sample cylinder of 400 cm.® surface area
(the diameter some 2.7 inches) a layer 2.3 mg/on® thick or a total
sample of 0.92 gram of carbon would give half of the effect that an
infinitely thick layer would give. The formula for this is?

I =
it (25)

where f' i5 the count rate that would have been obtained from a
sample of infinite thickness {of thickness at least equal to the range],
I is the intensity ohserved for the sample of given thickness, and = is
the ratio of the actual thickness used to the range of the radiation.
The validity of this formula has been experimentally established on
a number of occasions by carefully mounting radivearbon samples
of known thicknesses less than the range and platting the count rate
observed as o function of thickness. It is apparent, howewer, that
the formula will be valid only if the sample has uniform thickness
over ils entire area. Since this iz a dificult condition to obtain, we
have chosen to make x 2o large that the count rate is cssentinlly
equal to the rate for the infinitely thick layer and so to avoid worries
about roughness of the sample. One can show that, if the sample ap-
pears reasonably smooth to the eye, errors due to the existence of
rough spats will be very small. Tn general, the thickness selected has
been 20 mgz/om?, or a total sample weight of § grama for the 400 cm.®
area of the sample cylinder. From time to time samples have been
used which did not amount to 8 grams, the smallest being about
5§ grams. These were mounted with considerable eare Lo insure uni-
formity, and then the count rate was corvected by the small factor
given by Equalion (23), Tt seems possible that one might measure
samples much smaller than 5 grams by developing a technigue of
painting the carbon on the brass eylinder in a very reproducible
and smooth fashion.

The earbon sample is mounted on one half of the sumple cylinder
(the sample cylinder is split so that the counting operation can e
conducted with convenience and the cylinder reazsembled later).
The other half of the sample cylinder remains bare. Figure 9 shows
the equipment used, together with the two halvesof the brass sample
cylinder. As described earlier, the carbon sample in the screw-capped

A WL F. Likby, duwal. Cheme., 19, 2 (1047).
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plazs bottle is pround carcfully in a mortar and pestle, about 8.5
grams weighed out in a beaker, and some 50-55 ce. of distilled water
aedeled, The mixture then is stirred and water added until o consist-
ency like & very thin mush is obtained, One then places o clean white
ghowe on his left hand (if he is right-handed) and, holding the beaker
and the sample cylinder in his left hand in such & way that the con-
tents can run from the beaker into the sample cylinder, elevates it
toward a light such as an open window 80 that he can observe the
sample flow from the braker into the cylinder and also serape out the
remnants with a long glass rod. He then replaces the beaker on the
tahle and with the glass rod smonths the sample while rotating the
eylinder with his left hand. He then takes the spatula and scrapes
out the residual carbon left in the beaker (usually something around
0.5 gram of carbon is left cither in the beaker or on the rod) and
smooths this onto the surface also. Tn the early work we used about
20 ¢, of 0,15 per cent agar solution to increase the adherence of the
sample to the wall. Tt was found, however, that this was unnecessary
providing one was careful not to bump or bang the instrument, and
this potential source of contamination was thereby avoided. After
the wet carbon sample is smoothed on the cylinder, it is placed on a
clean picee of cheesecloth on the table and an ordinary hair-dryer
used to blow hot air through it for about 10 minutes. This removes
sullicient water to set the sample on the cylinder and yet does not
dry the sample completely. It is important that the sample not be
dricd too lung with the hot-air stream for two reasons, The fist is
that air contains radon, and the sample, if dried, will be extremely
susceplible to contamination by absorption of the radon and ather
possible radioactivities in the air. The carbon samples have large
surface areas per gram (of the order of 200 square meters). The sec-
ond reason is that the warm air has an oxirdative action on the brass
when the metal gets warm and causes lenching of the zine out of the
hrass into the absorbent-carbon sample, so that the ash rises to un-
ressonable values,

After the drying to the setting stage, the two halves of the sample
cylinder are placed together, sometimes justened with a small picce
of Seotch tape il they do not fit snugly, and the sample cylinder
placed in the counter proper. The counter eap is then placed on and
the counter sealed closed with deKhotinsky wax. The counter then
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is placed on a standard vacuum line with two liguid nitrogen traps
in series, the first of which hag had the internal tube removed 2o
hlocking by the ice condensed docs not oceur readily, and the system
allowed to pump for about 24 hours, the nitregen in the traps being
renewed from time to time, At the end of this pumping perivd the
pressure in the line as registered by a Pirani gauge placed between
the counter and the fiest trap will read in the micron range. Tt iz im-
partant to remove water to this degree, for, if it Is not done, the water
ahsorbed on the sample will slowly evolve and change the operating
voltage of the counter during the measurement period, After pump-
ing, 0.5 cm. of ethylene is added. The ethylene is purified by re-
peated condensation in a lHguid nitragen trap, pumping on the solid,
re-gvaporation, recondensation, ecte., until the vacuum obbained
while pumping on the frozen cthylene rapidly approaches o few
microns. After the ethylene is introduced, 10 cm. of argon from a
standard commercial cylinder of pure argon is added. The counter
then is allowed to stand for 2 or 3 hours for mixing, and the voltage
measured at which pulses of 6 volts height are obtained, Une can
run the platean at this stage, but it is soon found that the plateau
characteristies are very reproducible, and this step usually is not
taken. The appearance of the pulses on an oscilloscope is observed
with care, The oscilloseope is connected so the true pulse shape is
shown rather than the fiest time derivative, This is accomplished by
connecting the wall of the counter to ground through a resistor, the
potential drop across which is fed to the cacilloscope. Choive of the
proper resistor ingures that the time constant of the oscilloscope cir-
cuit is shaort enough to afford faithiul pulse reproductivn, It is par-
ticularly important to examine the pulses for multiplicity. The oc-
currence of multiple pulses is undesirable not anly because it is evi-
dence of improper gas composition but primarily lecause the can-
cellation of meson counts by the anticeincidence shielding counters
will not occur for multiple pulses. The first component of the
multiple pulses is canceled, but the following pulses ocour later
and are not canceled. This means, of course, that the hackground
rate is observed to rise when impurities such as air or water vapor are
introduced into the counter gas, The instrument at this stage is
ready for placing in the shield and the beginning of the measure-
ment run.
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The counter construction is shown in Figure 7. Standard blue-
prints can be obtained from the author on request. The materials
uzed in the construetion of the counter, and also the shicld described
later, are given in Appendix B, together with the suppliers we have
uged, The gridwork is constructed by stringing wires between lucite
header disks and the whole assembly is supported on a past, silver-
soldered to one of the two end caps. Lead-free brass tubing is used
othfor the material of the cylinder case and the other brasaparts and
fgr the sample cylinder. ‘This precaution is taken to avoid radie-
active contamination. The eylinder wall is made ae thin as con-
venlent in order to improve the efliciency of the anticoincidence
shielding described later. A glass stopeock is fastened by delhotin-
sky wax to the outlet shuwn, and this wax is used for all the other
closures also, We have constructed one or twe instruments with
rubher gasket seals at the ends, but in moet of the counters we have
uzed wax seals.

The deKhotinsky wax used is made by cooking together approxi-
mately equal parts of Georgia pine tur and orange shellac, The mix-
ture is melted, heated, and stivred continuously for about 30 minutes,
care being laken not to char, This wax is particularly strong and
T proved eminently satisfactory, [t is applied with an air-gas torch.
One should not use an cxygen torch because charring of the wax will
Iser likely. It is difficult to obtain vacuum-tight seals when the wax
is charred. The partz to be sealed are heated above the soltening
peoint of the wax and the wax applicd by touching to the hot metal
or glass, One can also heat the wax stick briefly (the wax is powred
from the cooking pot onto metal foils which are then rolled te make
sticks aboul 6 inches long and § inch in diameter) directly and let it
drip onto the hot metal, The counter is then rotated so that a smooth
and uniform layer of wax is obtained, and the seal is cooled by
hlewing air on it. Our experience has been that vacuum-tight seals
can be obtained casily in this manner, and the only difficulty en-
gountered in the use of the instrument so far as vacuum is con-
cerned is that one occasionally breaks the wax seal by bumping the
sample cylinder too vigorously against the end caps. This, however,
iz undesirable from the point of view of diglodging the sample itself
areel should be avoided.

The prineipal task in the measurement of extremely small
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amounts of radisactivity remaining after one has supplied a suffi-
ciently sensitive counter is the reduction of the extraneouz back-
ground count rate due to coemic radiation and the ubiguitous radio-
active products of uranium and thorium which exist in all labora-
tories in such amounts as to give very appreciable count rates. The
latter component of the background is best removed by selecting
solid material which is free of uranium and thorivm and of its dis-
integration products such as vadon. Consideration of this problem,
together with the problem of cost, has led us to belicve that stecl
should be an exeellent material for a low-level counter shield. Tt e
reasonably inexpensive and from the metallurgical processing in-
volved in its manufacture should he relatively free of the highly
electropositive elements which constitute the most serious radio-
active contaminates, Tt is reasoned that elements such as uranium,
thorium, and radium will be removed by the slagging operation, We
¢ not believe that lead is particularly desirable from cither the cost
or the cleanliness point of view, and tests have confirmed the suepi-
cion of mdigactive contamination in lead as ordinarily purchased.
We have constructed the shield as shown in Figure 10, of hot rolled
steel plate, & inches thick. Two types have been built, in one of
which the door i& closed by the hydraulic jack shown, and another
in which the door is bisected and opened with a cantilever arrange-
ment by hand.

The background rate {or the unshielded screen-wall counter is in
the vicinity of 500 counts per minute. Placing the instrument in the
shield with 8 inches of iron in all directions reduces thizs to 100
counts per minute. Tf instead of the 8-inch shicld onc uses a shicld
with 4-inch walls outside of which 2 inches of lead are placed, the
backgraund is 120 counts per minute, This residual background is
very large due to the cosmic-ray mesons whose penetrating power
is very great. It would Le removed only by very great thick-
nesses of shicld material. The device used to climinate this com-
ponent of the background consists of surrounding the screen-wall
counter with a complete layer of Geiger counters 18 inches in
length, 2 inches in diameter, which are in tangential contact and are
placed as shown in Figure 11, This is an end-on view of the assembly
in place with the door of the shield open. When the shielding coun-
ters fire, the central sereen-wall counter is inactivated for a small
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fractivn of a scoond, This means that the meson rudiation is therchy
climinated from the record. The aggregute count rate of the eleven
shield counters is about 800 per minute, and the cancellation time
is af the order of 10-? seconds, so the screen-wall counter is in-
activated for about 1 per cent of the time. This is 30 small as to be
negligille, and we can conclude therefore that the sensitivity of the
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apparatus to the radiocarbon radiation from the sample is not appre-
ciahly reduced by the use of the shielding counter area. The use of
the shiclding counters reduces the buckground to 5 counts per min-
ute. The smaller ehield mentioned above with 4-inch thick iron and
2-inch lead exterior gives 7 counts per minute, With these rates it is
now possible to measure the radiscarbon radiation to about 2 per
cent error in 45 hours. Modern wood gives 6.7 counts alsove the back-
rroamnel, 8o that one ohiserves a rate of 10.7 with the carbon sample in



MEASUEEMENT OF THE EAMPLE k]

place and a rate of 3 counts per minute with the bare cylinder in
place. The anticoincidence shielding counters are 1¥ inches long,
thereby considerably overhanging the sensitive volume of the screen
wall, which is 8 inches in length, We therefore have not placed a
layer of shiclding counters at either end of the assembily. It is clear,
of courae, that thiz would reduce the background further, but the

Fig. 11.—~Counters in shicld (door open)

extra mechanical difficulties involved in changing the sample cylin-
der and the small advantages to be gained by further lowering of
the hackground have prevented our doing so. The shielding counters
used are standard brass-wall cosmic-ray counters sold by commer-
cial suppliers.

The operation of the screen-wall counter in the manner deseribed
for the measurement of radiocarbon in the age-measurement [orie-
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gram invelves several sorts of difficultics, one of which is major and
which deserves special mention. Counters which have accidentally
been connected incorreetly so that the leads from the screen wall and
the counter wire are interchanged, and have been maintained in this
comdition for some time, have a tendency to show gpurious counts for
gome time thereafter. It seems that the only way in which this can
be cured, other than by allowing the instrument to stand for weeks,
iz to replace the lucite insulators. This point, however, is not com-
pletely settled; it is merely known that thie accomplishes the results.
A similar effect may be produced hy erroncous application of exces-
sive potentials so that the counter goes into essentially continuous
discharge. One should take care to have a connector plug connecting
the counter leads to the amplificr and recording apparatus such that
this creor is not possible.

Any good gquenching vapor is satisfactory for the sereen-wall
counter as far as counting characteristics are concerned, but a con-
sideration of some subtility is involved which leads one to select
cthylene. In our case, where the sample of carbon is very fincly
divided and posseases & very high absorptive power for condensilile
vapors such as ethanol, the amount of quenching gas absorbed may
I+ such as appreciably to affect the feaction of the radiation which
cscapes the sample and reaches the counter gas volume. In the case
of ethyl aleohol our experience has been that as much az 1 gram was
abaorhed on our standard B-gram zample. This, of course, in addi-
tion to absarbing the radiation, may introduce radiation itscll, de-
pending on whether the cthanol is grain aleohol or synthetic, The
carly measurements were made with ethyl aleohel, and the correc-
tions for the specific activity of the ethyl aleohol and its absorptive
action on the radiations from the carbon sample computed. The re-
sulls were accepiable, but an additional error was introduced. For
these reasons a quenching gas of lower bodling point was sought, and
ethylene® has proved to be completely satisfactory in all respects, As
mentioned above, the standard filling is 0.5 cm. of mercury pressure
of ethylene and 10 em, of mevcury pressure of argon.

We have not found it necessary to purify the commercial argon
Lt have taken the precantion of huying large 200-cubic-fuot eylin-
tders so that salisfactery operation i3 gumranteced for an extenderd

4. Ko . Morgensiern, O, L. Cowan, wml F L. Huglhes, s, Reve, T, 4009 (1048}
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period if a good eylinder is obtained. Tt has been our expericnce
that the argon available on the commercial market is sulficiently
pure.

Interesting effects arise if the counter happens to develop a leak.
The intreduction of air to the counter gas adds to the normal single
sharp pulses a group of smaller pulses following the original one after
a delay of several hundred microseconds, This may be sufficiently
long to extend beyond the cancellation period given by the anti-
coincidence shiclding counters, so that a pulee which would nor-
mally have been canceled from the record registers. One therefore
observes a rise in background count together with a rise in the coun-
ter voltage and, at appreciable air contaminations, u deerease in the
difference between the sample and background counts. This de-
crease is apparently due to inefficiency in the counter action caused
by the presence of the air; presumably the oxygen in the air is the
active agent. The decrease probably arizes in the volume between
the screen and wall, where the collecting field is lowest.

A [urther effect of some importance to routine operation cxizts in
the temperature dependence of the operating voltuge of the counter.
It is found that a temperature variation of 10° 1", will cause 10 or
0 volts change in the counter voltage. This may be due to the tem-
perature dependence of the ahsorption of ethylene on the highly ab-
sorptive carbon sample. It means that one should take care to in-
gure that the room temperature docs not vary by more than 5° T,
during long operating periods when the rate is not being recorded.

It has heen our practice to change the sample cylinder from one
position to the other every few hours during the day and to allow
it to run during an 8- or 10-hour period overnight, arranging the
schedule so that the total time spent counting the sample and the
hackground will be proportional to the square roots of the rates in
the two positions. This, for example, means that for a measurement
of modern wood, where the background rate is about half the rate in
the sumple position, 60 per cent of the time is spenl measuring the
sample and 40 per cent measuring the background. In addition, of
course, the background count from run to run should check nearly
within the statistical error of the counts, One is tumpted to cross-
average the background counts and thereby to reduce the lime neces-
sary to measure. We have never done so, however, for it has been ab-
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served thet changes in the operating characteristics of the shiclding
counters may oceur which will affect both the background and the
sample rale in the same way and nol invalidate the differcnce,
theugh it might cause as much as a hali-count per minute change in
laosth rates.

The final cleaning of the sample cylinder belore use in the first in-
gtance consigts in washing in 50 per cent nitric acid, rinsing carefully
with listilled water, and deying. We have observed that cylinders
prepared in this way of lead-free brass tubing have never given a
negative count rate beyond the statistical error when used on car-
Bon derived from coal or oil. They would be expected to register
negatively i the sample cylinders were contaminated, the point be-
ing that the inert carbon would absorh radiation from the brass. In
adedition, we have found Armeo iron and pure copper sample cylin-
dhers ta give the same count rate as the cleaned brass eylinders, We
therefore believe that not ever 0.1 or 0.2 count per minute of con-
tamination exists on our set of sample cylinders and that it is pos-
sible to uze Armco ivon and pure copper as well as lead-free brazs.

‘The statistical error of the count is taken gs the square root of the
total number of counts divided by the number of minutes during
which they occurred. This gives the standard deviation a measure
of ereor 1.5 times the probable error, and all of our results are
quoted with this standard error derived solely from the count rate
indicated. It has been interesting to observe that the scatter of re-
peated runs on different portions of & given sample and on recounts
of o single portion of o given sample scems not to exeeed the error
due to the counting alone by any considerable fuetor. We therefore
are inclined to helieve that the use of longer counting periods would
result in érrors almost inversely proportional to the square root of
the factor by which the counting time is increased. For example, if
our prezent 48-hour counting interval, which gives us an error of
<+ H00 vears for a sample of a certain age, should be increased by a
factor of 4, we might e justified in assigning & + 100-year error,
Only further careful investigation can test this point and fully
establish it. [t docs, however, seem lkely that counting for periods
even us long as a month with the consequent smaller errors might be
waorlh while.



CHAPTER VI
BADIOCARBON DATES

THE dates obtained prior to the fall of 1951 by the radio.
carbon technigue are listed below. The number of runs is
indicated by the number of dates listed. These runs were
complotely independent, invalving separate portions of the original
sample from which the carbon had been extracted independently,
unless the dates are linked together with a brace, In this case, the
results are those ohtained by remeasurement of o given sample,
usnally in a different counter, and frequently involving re-cxtraction
of the sample with acid. The standard counting time for a given
run has been limited to 48 hours in order to accommedate the num-
ber of samples necessary to the over-all check of the method, which
was the main purpose of this research, The errors given are standard
deviations, consisting solely of the error of counting random events,

The archeological and gealogical significance of these results have
Iseem or will be discussed by the donors of the samples, collaborators,
and the advisory committee in articles in appropriate journals.! We
wish to express our gratitude to Frederick Johnson, Donald Collier,
Richard Foster Flint, and Froelich Rainey, the members of the
Committees on Carbon 14 of the American Anthropalogical Associa-
tion and the Geological Seclety of America, for their indispensable
direction and assistance throughout this rescarch,

The numbering of the samples and the names we have used (which
appear in parentheses when two names are given) are entirely our
own and not these of the donors or collaborators, Tn many instances
more appropriate names assigned by Mr. Johnson are given before
the parentheses. The records on the samples are so extensive and so
intimately tied to the sample names a8 well 23 to the numbers that
we feel obliged to include our name as well as the number, though
it may be misleading in many cases. The carbon for each of the
samples listed is on file and availalle for check measurements, to-
pother in many instances with portions of the original materials.

1 8pe, ., Radfocerbon Daifug, assembled by Frederick Jolnsn (“Secivly foe
American Archaesdogy Memodr," Neo R [July, 1951]),

il
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I MESOMOTAMIA AND WESTERN ASIA
(Primcipal coliaboraiprs: K, J. Brainwoon, T, JACOBSEN

Riciann A. PARKER, AND SavT. WEINDERG)
A, Ecyrr

Sample

Zuser; Acacia wood beam in cxcellent glate of proserva-
tion [ram tomb of Zoser al Sakkars. Known age
4650 £ T8 years neenrding o John Wilson, Submitted
by Ambrose Lansing, Metropolitnn Museum,

Surefern: Cypress beam from toml of Srefery at Mey-
dum, Knnwn age 4575 £ 75 according to John Wilsen.
Sulsmitted by Froclich Ruiney, University of Penn-
syhvania Museum,

Sesostriz: Wood from deck of funceary ship from tomb
of Sesostris 11 Known age 3750 according to Jehn
Wilsom, Submitted by Colonel C. C. Gregg, Chicago
Nniural History Museum,

Molemy: Wil from mummiform coffin from Egyptian
Prodemnle period. Known age 2280 according to John
Wilson. Submitted by Johm Wilson omd Waison
Boyes, Oriental Institute, University of Chicago,

Hemoka: Slab of wood from roof heam of tomb of Vizier
Hemaka, contemporancous with King Udimu, First
Idynasty, ot Sakkars. Accepled age 4700=5100 ac-
eording to R, J. Braidwood. Sample submitted by
W, B. Emecry, < British Embassy, Cairo.

Middle Predynostic (Predymashic): Charecal fram point
HALE" of the house flonrs (fends de cabanes) nt El
Omari vear Caire, Egypt. A typologieal assessment of
the pesition of 1] Omari woukd be oo, midway be-
tween the time of the Upper B pitsof the Fayum (Nos,
457, 550, anid 551) anrd Hemaka (Mo, 267), Submitted
h% Fernand e Bono, Serviee des Ancigquieds de
I"Eigypte, Caine

Fayum A (Upper K): Wheat and barley grain uncarhan-
1zl with no preservatives added, from Upper K Pit 13
af the Foyum A material as deseribed in The Desce?
Fayam by Gertrsde Caton-Thomypsan, Submitted by
Miss Caton-Thompson of Cambridge and Mrs. Elise
Baumpartel of the Muoseum of the University of
Manchester.

Fapgm A (Upper Kz Whean and barbey grain from Ups-
per b 1Mt 59, Jar 3, and another of the Upper K pits
(numsber het) of the Fayum A material as descrilad

Age (Voars)
JA00 & TT0
42H + 600
J091 4 500

v J070 4350
4721 £500
4186 = 500
5544 4 500
4817 £240

Av 4802 1210
E45 £ 400
MO7 + 500
3642 £ 310

Aw. 3621 + 180

2190 +450

4803 & 264
4961 £ 240
dAw JEET + 200

5256 4+ 230

6054 £330
6136 £320
Aw. G095 + 250

391 £ 180
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Samye
in The Dererl Fayum, Eubmitted by Mis Coton-
Thompson and Mra, Elise Boumgartel of the Muse-
urn of the University of Manchester.

B, Tunkey

Alishar TIT (Alizhar): Wood from the foandation erib-
hing for a fortification wall in Square 0-100 in levels
assigned to Period 1 “Early Bronze Age,” in the
moaunel al Alishar Huyuh iy the excavator, H. H. van
der Osten, Reference: “Ohriental [nstitute Publica-
biane," 3XVITL 200-10; Figure 207, Submitted by
R. I. Bruidwoad, Chrientol Institute, University of
Chicage

Alishor Chalealithfe: Wood from Lewvel 14 in the centml
depth cut Square L-14, Alshar Huyuh, The ¢x-
cavators counted Levels 19 through 13 as *“Chal-
colithie." Reference: “Orwental Institute Puldica-
tiomes," Vol XXVINL Submitied by ®. J, Broidwoml,
Oriental Institute, Universily of Chicago,

C. Irag

Jarma: Land-snail shells fairly well preserved from the
linsal Levels 7 nnd 8 2t Jarmo, Enrliest villmge mote-
rinl in western Asia, The basal levels are preceramic,
Excavated and subminted by R, J. Braidwood, Orien-
tal Dnstitute, University of Chicago,

Id, Sywria

Tuyiral: Wood from the floer of a central reom (I-]—
1st) in o large Hilani (“palace’) of the "“Syro-Hittite™
period in the city of Tayinag in northwest Syria,
Known age 20625 & 50 vears according to B. J. Hreaid-
wool, Submitted by R, . Braldweod, Orlental Insti-
tute, University of Chicago.

E. Iraw

Beli Cape (Ghar-i-Kamarband): Five miles weat of Beh-
shahr at the southeast corner of the Caspian Sca;
strutified cultural deposit 4.05 meters thick contain-
ing fram, battom to top, Mesolithic, Late Mesolithic,
Mealithie, Late Nealithic, and Bronze Age materials.
‘The samiples were burmed bone which were treated by
dissalving in hydrechloric acid to scparate the charred
carbon, which was measurad, This material was col-
lected and submitted by Carleton 5. Coon, Univer-
sity of Pennsylvanin Museum, Five samples were
masared:

71

A (Vears)

650 & 350
2R23 4 350
Aw J212 2250

4519 1350

GTOT +320

696 £ 270
2048 £ 270
1234 £ 270
e, ZE3) & 15D
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Sanyple
WL Lowest gray soil with Mesalithic artifacts 3,00
aml o 405 meters (Lewels 21-28),
547

525 Supposedly from the same lovels as No. 574,
Comment: looks intrusive or altered.

574 Yone comtnining upper Mesolithic nrtifoets 1 .25
to 2,15 meters eep {Layers 15 and 16),

534 Mesolithic-Neolithic transition at 1.25-1.40
meters (Laver 10,

AM, Eone containing Mint blades and poliery sherds

405, ol Neolithic type.

aml

51
I, IPALESTINE

576 Bible: Dwad Sea serolls, Book of Isalah. Linen wragp-

pings used, Feund in cave near Ain Fashkha in Pales-
tine by Pére de Vaux (OF) umler sapervision by G.
Lankester Hamling, curntor of Depariment of An-
tiguitics of the Jordan Government. Thopght to be
firsl or gocond century 8., Brought for teat by Jamcs
L. Kelso at suggestion of Ovid R Sellers and with
permission ol Mr. Harding. Sulmnitied directly by
C. H, Kragling, Oriental [nstitote, University of Chi-
ougn.

Il. WESTERN EUROI'E

Age (Years)
OO + 415

1130+ 300
126d) £430
BE45 & 500
10,5040 4 6108

RORS + TH)

1917 £200

(Peimeipal colfabarators: 11, L. Movies, B, 5 DEgvey, Ju., axn K. F. Fusr)

A, France

4 Laseaig: Charcoal from the Lascaux cave near Mon-

tignac northeast of Les Eyzivs in the Dordagne. This
wave has the remarkalile 3='|r|t|'||p The charcos| was
taken from the oocupntion level in the northwestern
pairtdon ol the eave by Alibé . Breuil and M, Severin
Hlane in 1949, Sulmsittel by FL L. Movies, Hirvand
Univesity.

577 Frawee: Material from a late Upper Paleolithic (Mag-

dabenian} eccujaation layes vverlain by 1.5-2.0 meters
of rack fall, Collted in and arounsd a hearth which
measured 6 em. in diameter and W em. in (hickness
at the center. Fouml i La Garenne, S.-Marcel (In-
ilre), Franee. This sample consisted of 1500 grams of
Twarneel bone from which sufficient organic material
was oltained by acil dissalution of the ane. Sul-

15,516.+900

11,10 4 4801
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Sampile
mitted by Dr. J. Allnin, 34, Avenue Thalsad-LBok-
Inreine, Newvy-5t-Sépalehre { Indre), Franoe, through
H. L. Movius, Harvanl University.

France I1: Same ag No, 577, excepl that it consisted
of an ashy material with sand, charcoal, and burned
Lones.

France IIT: Same ag Nos. 577 and 578, except fowimd
outside the bearth but in same horizon. Bumed lone.

Lake Bowrgel: Lake Bourget wood aml peat saniples
taken wlong road between Chambdény and Grenoble in
southeastern France. Should be interglacial or intes-
stadlial. “This sample was woml] [rom 2 inches above
D of Lawel 3d, the lowest lignite bed in Qe exposure
between Lo Flachére and La Brusskre (Isérc). Do-
nor's Sample 1, Sulimitted by L L. Movius, Harvand
University.

Creweess Wood from peat bel in Drange Valley east of
Gieneva and south of Lake Geneva in France rather
than Switzerland. Submitbed by H. L. Movius, Har-
wnrd University.

B, GeErMany

Grevangar Allredds Teat with hirch remaing from Pollen
Fame L1, the younger Allerisd, from Wallensen i
Hils, northweatern Germany, Submitted by 17 Fir-
hisg, Glhveingen.

Cirens Horizand Peat (Onerbeck Peat): Peat (Grene Hori-
xant) from an accurately dated (2300-2700 wears)
dry pericel extensling throughout necthern Europe
nml as=nciated with archeological remaing, This sam-
ple was taken courcfully fram O to 2 om, below the dry
horlzon at Melhack, Germany. Submitted by F.
Ovwerbeck, University of Bonn,

Grens Horigant Peal (Overbeck Top): Peat Tram 0 (o 2
cm. above the dry horizon degeribed in No, 450, Sub-
mitted by F. Creeebseck, University of Bonn,

C, DENMARE

Hussisk Borcal (Danizhk Bareal IT): Pine cones from Dene
mark (Secland, Anmomen; Ogaandek, PO 1949),
They are from Pollen Zone V thought te Lo 8500
years old. Submitted by J. Troels-Smith, Natiosal
Museum, Copenhagen.

Daizk Boreal (Boreal V) Hazelnuis [rom Denmark
(Secland, Aamecsen; Kildegaard-K, UL 8, House 1).
The nuts are frem one single summer dwelling, be-

73

Age { Yeams)

15847 + 1200

12,508 + 56}

Al beast 21,000

AL leasy 19,000

(ECTEL ]

T % 2500
1452 £290
Ao, 149 2 200

11T £ 115

TEER & 380

PUIS 24400
WL+ 1K
oA, PRI £ 350
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Sanmgila
longing to the late boreal age, Pollen Zone VI,
thought to be abiout BO0O vears ald. Submitted by J.
Trovls-Smith, National Muscum, Cogrenhagen.

Dawirh Boreal (Danish Boecal J1): Charcoal from the
same summer bise as No. 433, Expectesd age aboat
BN years, Sulmaitiend by J. Trock-Smith, Natiopeal
Muscum, Copenbagen,

Dhiuish Becoal (Dumish Howse): Birchwood from the
same arva ns Nos, 433 and 434, From House 2. Proh-
nlsly a few years younger than House L Sulamitted by
I. Trocls-Emith, Comment: Scems to agree with No.
433 aml pessibly No. 434, giving a general nsean of
479 + 280 years,

I, IxeLaxp

Irish Bereal (Borcal IT): Peat from Clonsast, County
Ofaly, Ircland, Late Buoreal Zone Ve Shoubd le
later than Danish No. 432 and earlier than English
No. M3, Donor's Sample 1-1%, Submitted by G, F,
Mitchell, Trinity Colbege, Dublin,

Irish Mud: Lake moil jrom Knocknaeran, County
Muonoghan, Ircland. Late Glacial, Pollen Zone IL
Donac's Sample I-A. Submitted by G, F. Mitechell,
Trinity College, Luldin,

Irish Posiglaciol: Lake mud, Lagore, County Meath.
Early Postglacial, Zone 1V. Dunor's Sample 1-H,
Sulmnitted Dy G F. Mitchell, Trnily College, Dube
lin.

E. ExcLaxn

Breswux: Lump of beeswax associated with o smith's
husaril of lage Bronee Age objects of cotimated 2500-
N yemrs nge. CQuestion s whether it s part of
hoard or net, Submitted by J. W, Brailsford, British
Muzeum. Comment: Is ot pact of hoard; it i young-
e,

Shagavick (Niopwick FPeal): Modified hamified et
(phngrnuam-Calbass) from mid-Lroa Age to Romane-
British peried from Shapwick Heath, Somerset. Pol-
ben done VIL Upper Oligotrophic luver; decay poal
woud; el B0, Submitted by H, Godwin, Came
rislige, England.

Shapoick (Skopwick Atlarlic): Hamifl Sphagnum-
Calluna peat of Meolithie Age, eurly Pollen Zone VII,
taken from @ fret B inches 1o 7 fect at base of ald peat
at Dewar's track cxeavation, Sebmitted by H. Goslb-
win, Combrilge, England,

Ape (Years)
BAA1 £ 540

D425 £ 470

SH24 4 300

11,310 +320

11,787 £ 700}

_I T12£200
26 + 230
Av. BRIV £ 160

3099 £ 250
3500 £ 300
Ar, 3300 £ 200

0044 £ 380



{ur
Ma,
462

53

340

Mo

1

479

450

RADIOCARBON DATES

Kamyde

English Neolithic (Meselithic): Piece of charred wool
frem the lakeside settlement st Ehenalide Tar, Cum-
lertand. Nealithic “A™ maerinl, Conventinal dat-
inyg is AN yonrs (ef, Archaeslogia, XLIV, 2R0), One
of rare caset in Englamd where organic materinl hos
beens preserved in association with chamcteristle Ne-
olithic material. Submitted by 1. W, Brailsfon,
British Musrum,

Stare Core: Wooden platform frem Mesolithie site ot
Lake Pickering, Starr Carr, Yorkshire, Pallen Zone
IV, Bulimitted Ly H. Godwin, Cambeishe, Englund,

Fastglaciol (Postglacial I): Peat frem Hawks Tor, Comn-
wall, Pollen Zoe 1V, Early Postglocial, Collected
frum 7 fect to 7 feel 4 inches at Site 1nt base of upper
peat, Submitted by H. Godwin, Cambrilge, Eng-
lanil.

Hockinem Mere, Englamd (Englizh Alerod): Calearoous
silly nekron el from 790 o B25 em. at 10.B. 5,
Hnckham Mere, Norfolk, Late Glacial, Pollen Eomes
II and III, Submitted by H. Caslwin, Cambridge,
England.

Neasham, England (Gedwin): Lake mud Trom Nensham
near Daclington in the extreme morth of England,
Pollen Zone II, correlates) dircctly with last glacial
stage, Submitted by H. Godwin, Cambridge, Eng-
Innrd,

Hazwks Tor, England (Allered I): Peat from Hawks Tor,
Cornwall, Late Glaglal, Pollen Zone 11, 9 feet 10 9
feet 4 inches at Site I, middle of lower peat. Sub-
mitted by H. Godwin, Cambrilge, Englund,

Ponders Eind: Plant delaris from Lea Valley Aretle Bed
north of London at Ponders Encd, Glacial stage asso-
ciated with mammoth, lemming, and arctic plants.
Sulimieted I:y H. Crolwin, Combridge, Englamd.

Combridge, Englard (Uambridge Interglacial): Oak woosd
debris from Histon Roael, Cambeidge, Middle of last
interglacial, time of maximum extension of the Evm
Sea. Submitted by HL Godwin, Cambridge, England,

Stonekenge: Charcoal sample from Stonchenge, Wilt-
shire, England. Taken from Hole 32 of o series of
holes that are belicved to have been useed for some
sort of ritual, These holes Lelong 1o the first phase of
the manument and are considered to be Late Neo-
lithic. Submitted by Professor Stuart Piggoit, Uni-
versily of Fdinburgh,

15

Ape (Years)
4064+ 300

10,167 + 560
RHOR + 490
An, 0448 & 350

RO & 0
8540 + TR0
Av, R275 + 350

[LALE ]
41 +420
ELNELEES ]

10,851 =630

DEG1 £ 5

Mder than

20,0

At least 17,000

3198 275



16 RADIOCARBON DATING
III, UNITED STATES

(Privcipal callaborolors: E. 5, Deevey, Jr., R, F. Frse, ], B, Geovrrs
R. F. HEuzew, F. Jounsow, F. H, H, Rosears, axn W, 5. WERS)

A, New ENGLAND
O

Mk Hample

41T Bevlrion Strecl Fishweir (Fiskocir I): Deat from Boyl-
ston Strect Fishweir site, Lower peat underlying the
fshweir. Presumably the fshweir shoull] be younger
{cf. The Baylsion Sireel Fivkoeie I1 ["Tnjeers of the
Peabody Foundatinn,™ Yol IV, No. 1], pgu. 60, 63,
68). Bubmitted by E. 5. Barghoorn, Bikygiom] Lals.
ruterics, Harvard University,

418 Boplviom Sireel Fidhwoelr (Figlmwelr 17): Fragment of
coniferous wood from marine silt overlylng the bower
eat and the fishweir (cf. No. 417}, Submitted by
E. 5 Bamgloorn, Biological Laboratories, Harvard
University.

M- Lpper Linsley Pond (Deevey Series): Pond mud sam-

30 pls from Upper Linsley Fond, Connecticut, ns
degerlbed in E. 8. Deovey, Jr., dor, Towe. Sef,, 241,
T17-52 (1M3). Samples were taken by boring
through boe in center of pond. Collected and sub-
mitiex] Ly E. 5, Deevey, Jr, Ushome Zoolgiol
Laboratory, Yale University.

Eample Bepil {Mepersd Tallen Lone

36 5.5 3
7 B.05 2
k] LAk C1-C2
» 11.65 Cl.E

119= Fpoper Lisaley Powd | Lingley Serdes): Pond musd samjples
22 from Upper Linsley Pond, Connectiont, These tnken
Trom the cige of the pand, compare with Nes. 16-39,
Collected] aml suliminted by F. 5, Deevey, Jr., Valke

University.
Sample Dlepth {Mebers) Publen #ane
1o 4.65 L)
120 6.08 C1-{2
(FJ E.68 1
122 .15 B

Comrent: Appears mixing s involved,
ATR " pper Linsley Pord {Linstey V)i Peat from Upper Lins-
ley Pand, Conmectiout. Taken at 10,55 meters with

Age { YViears)
ST17 4 500

AHST £ 30

HT6 4 250
1R00 £ 500
SL59 350
BAZ3 £ 4%

2141 % 150
S5 + 250
Hulerogeneows:
611 andd
4IRS £ 250
G = 250

BT & 550
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Samyie
large sampler. Pallen date s early to mible C-1,
Pine zone is at 11,90 meters, Collected and subimitted
by K., 8 Deevey, Jr., Yale University.
Maine Borenl {Bareal I): Peat from 6,0 meters in Plissey
'ond, Maine, Very to of Pine Zone B. Sulmitted by
E. 8, Deevey, Jr., Yale University.

B. NEW YORE STATE

Frontenge falond (Fronterac): Charconl from hearth in
dlepest refluse lovels (Trench 4, Section 4), Frontenac
Islanal site. Collected in 1939, Lamoka Foeus, Archaic
Preriuel {revised terminology 1950) (of, Ritchie, 1945).
From eollections of Rocheter Museum of Arts aml
Schences, Submittal through W. A. Ritchie, New
York State Museum.

Olgrlander 2 (Point Pewinsnla): Chareoal from crema-
tion (Burizl 6) on the Oberlander compeonent Mo, 2
at Brewerton, Oswego County, New York, Col-
lecter], 1938, This is carly Polnt Peninguln Focus (ef.
W. A, Ritchic, Rochester Museumof Artsand Sciences,
Memoir J [1944], pp. 152=60). Sulimitted by W, A,
Ritchie, New York State Mustum,

Lamoka: Charcoal from hearth in subsoil under 5 foct
of undisturlsd refuse at Lamoka Lake Site, Schuyler
County, New York, Some rootlets were present in
this sample. They were segregated under a bow-power
magnifying glase, This sample was less carefully col-
lected than Ne. 367, Collected by A, Frank Barrtt,
Submitbed by W. A. Ritchie, New York State Muse-
um. Comment: Doulit that all reotlets were removed,
In view of rootlets, perhaps the 5383 date for No. 367
should be taken.

Lamoka (Lameka 17I): Charcoal from Lamoka Lake
Site, Schuyler Counly, New York, Frum earlicst oc-
cupation level 3 fect below midden surface, Probably
thia snmpsle was more auitable than No, 288, Submit-
ted by W, A, Rivchie, Mew Yock State Muscum,

7

Age (Vears)

S0 £ 320

4930 & 260

2817 £270
S0BD -+ 200
Aw, 2048 170

4395 £ 350
4344 £ 300
Av, 4360 + 200

5383 +250

C. Turwors, INpraxa, Towa, Kexrucky, O

AND PENNEVLVANIA

Aunis Wound, Kentwcky (Webd I Annis Mound, Ken-
tucky. Archaic period, shell from the 6.5-feot level,
Shells powdery on surface but shiny aml apparently
untouched underneath. Bubmitted by W, 5. Wehb,
Uniiversity of Kentucky,

5149 = 300
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Sansple
Aumis Mownd, Kenfucky (Webb I'V): Annis Mounel shell
Irom the 3.0-foot level. Bubmitted by W. 5. Webh,
University of Kentucky.

Awisis Mound, Kentucky (Deer Autler): Annis Mound
deer antler irom Archaic 6.5-foot level, Submitted by
W, 5. Webb, Unbversity of Kentucky.

Tudicn Knoll, Kantucky (Indion Knoll): Antler from In-
dinn Knoll Oh2 mound at L0-foot bevel, Sulsmitled
by W, 5. Webb, University of Kentucky.

Adena, Kemiweky (Adews I): Adena material from
Drake Mound, Fayette County, Kentucky, Site 11,
Fragmonts of bark preserved Ly contact with copper
reel-shaped breastplate in association with Burial 7,
Iying on haottom of pit, the central fenture of this site.
Sulymiteed by W. 5. Webb, University of Kentucky,

Adesa, Qlio (Okie Adena): Adena material from Cowan
Creek Mound, Ohis, Chareoal from sulfioor firggdace
just outside house structure, Submitted by R, 5
Baby, Ohlo State Muscum,

Hopewell, Okia (Hopewell I1T): Charcoal from Altar 1,
Seetion 3, Mound 25, Hopewell Mound Group, Ross
County, Ohto. Excavated in 1891, Speeimen 56424,
Chicage Natural History Muscum, Submitted by G,
CQuimby, Chicago Natural History Museum,

Hopewell, Ohio ([fopewell Skell): Conch shells associated
with Bkeletons 260 aml 361, Section 3, almost cerdain-
Iy from Mound 25, Hopewell Mound Group, Hoss
County, Obio, Specimens 56358 and 56606, Chicago
Nataral History Museun. Submitted by G, Quimby,
Chicago Natural Histary Museus,

Hopewell, Ohts (Hopewell I): Bark nssocinted with
Skeleton 248, Section 2, Mound 25, Hopewell Moumd
Giroup, Ross County, Ohio, Spedmen 560%4, Chicago
Natural History Museum. Sulmitbed by G. Quimly,
Chicago Natuml History Museam,

Hopewell, INineis (Hopewell IT): Wood from wood and
bark capping, lower edge of primary mound, Mound
9, Havana Group, Havana, Ilinois. Sulmitted by
Tharne Leoel, Ilinois State Museum,

Oxfard, (iio (Faldthwait): Large log from the Tazewell
or Cary deif near Oxford, Ohio; Hamilton, Ohio,
Quadrangle, Oxford Township, Section 26, just north
of the creek. Sulmitterd Ly K. P. Goldthwait, Ohio
Simte University,

Age {Years)
T34 500

4900 + 250

5700 350
AR5+ 560
Aw. 5302 4 3K}

1168 % LAt

1504 4250

1951 £ 200

RS0

44 2250

23364 250

Al lest 15,00



BADIOCARBON DATES

Qur

Na. Sampe

M Tolleston, fllinsis (Teliestan): Wood from Tolleston
level, Lake Chicnge (may be Algoncuin instead). Log
found at base of Iake sand ovorlying 1ill in clay pat
at Dalton, lllinois. Submitted by J Harlen Brets,
University of Chioago.,

Aoh T, Iieeiy (Tifinefan): Wood found in till directly be-
low Dlinoian gumbotil in Vermillion County, 10
neds. Submitted by G, W, While, Department of (e-
wdogy, Univemity of Ilinods,

53%  Wedren, lllineis (Tasseell): Early Tnzcwell Shelbyville
wood from Lake Kickapos, Wedron, La Salle Coun-
ty, Illinofs, This 13 NIJTQM to be our enly traly
authentic Tazewell sample. Sulimitted by L. Horberg
aml J Harlen Bretz, University of Chicago, (CF, Mo,
515)

578 Wedran, INfwais (Wedrom): Wood from Lake Kickapoo
deposits at Wedron, Ilincis. From dark peaty silt oe-
curring in a ledeock valley in St Peter sandstone in
the same quarry and pusition ns Bample 535, The
woe] harizon B2 overlnin by periglacially deformesd
sand and dark silt, which in turm underlic laminated
clay {Lake Kickapoo depeosits). These lie under a
serics of tills which have been regionally correlated
hy L. Horberg and others. The lowest of these
Bloomington, so the sedinmenes must be early Taze-
well (vither Bloomington or Shelbyville). This
sample was collected by J Haren Brets and trns-
mitted by Jerry Olson, University of Chicago. It was
taken as & check on Mo, 535,

510 Farm Creek, Iineis (Farmdols): Wood from Farm
Creck, Illinods, representing the earliest sfages of the
‘Wisconsin glacintion, Found 3-4 fect below the sur-
face of the Farmeale loess, Submitted by Guy T,
Smith, Burean of Plant Industry, Beltsville, Mary-
land.

481 Skunk Creck, Tows (Shiuk Creek}: Wood found leneath
a presumably Mankalo Gl on north bank of Skunk
Creck, NE, §, Sec, 15, T. 80 N, R. 22 W, Polk
County, Iowa, Submirted by "W, H. Scholtes, Towa
State College, Ames, Towa,

A28 fear Ureed, fowar Glacind wood enlbected in glacial dll
in Sgery County, Iowa, Location south side of Clear
Creck inan exposed cut; NE. 35 5W. §; Sec. 5, T. 83
N, B. 24 WL Till thought to be Mankato. The wood
was excaviated by digging ane found in boess which

i

Age (Vears)
460 + 230

Oliler than
17,43

13,842 4 780

Older than
17, 1K)

(der than
20, (0K

Oliler than

17,0001

16,367 £ 1000
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Bample
underlies & recent till. Submitted Ly W. H. Schollos,
lown State College, Ames, Towa,

Bridgeville, Pennsyiante (Bridgesilie): Peat found be-
neath 17 feet of alluwial deposit just west of Bridge-
ville, Pennsylvania. Thought to be Taxewel] or Cary.
Fulmitted hy E. B. Eller, Cornegie Museum, Fills-
Turgh.

Hellevare, Qo {Lake Laondy): Wood from Bellevae,
0k, § mile northwest of Castalinon the 620 contoar,
Ihis falls within the higher limit of Lake Limly
(Grassmiene) buat abowve the Elkston limit, Lake War-
run boaches are S0-60 feet higher. Sulmitted by
K. P. Gollthwait, Ohéo State University.

Comden Moraiue, Obfa (Camden): Wood from Carmlen
moraing, seuth of Dayton, Ohla. Na, 465 was from
the outer limit of the drift of which the Camden
muoraine Is 4 recessional moraine, This may boe Cary,
Eulmitted by K. PP, Goldihwait, Ohio State Univer-
sty

Farmdale, Illinots (Formdole £ Wol foand 0 o 1
Toot below surface of the Formidnic Iness at Farm
Creck, Illinois, Same site as N 510, Submitted by
Guy D. Smith, Burcaw of Plant Industry, Belweville,
Maryland.

Lake Cicedt: Peat from Lake Cicott bog, Indiana, Cal-
lectel from 22- to 23-fmat depth, combined Samples
B, G, H, I, L, M. Thought to e fone -1, Zone B
boandary, Colleeted by J. E. Potzger, Butler Uni-
versity, Indianapolis, Indiana, Submiuved by E, 5.
Deevey, Jr, Yale University.

13, Norti CAROLINA, SOUTID CAROLINA,

AND WEST VIRGINIA

West Virginia Bareal: Peat ol Pollen Zone B (pine] from
12 fect 3 inches to 02 feet ¥ inches in Cranherry
Gilades, West Virginia, Submitted by H. C. Darling-
tom,

Singlelury Lake, North Caroling (Singletary Oplimum):
Peat from highest of the three arganic horizons at
Ringletary Lake, North Caroling, Same sile as No,
475, Bubmitted by Dawil G, Frew, University of
North Carolina.

Singletary Lake, Nerth Coroliuo (Singlefary Maubato):
Peat and Bake sedlinsenes from Simgletary Lake, North
Caralina. The lake has three organic herizong, Thiz

Age (Yrars)

Heler than
16,000

RA0A 4 500

{Hrler than
17,00}

Oliler than
19,101

5625 + 310

M L EE0

10,224 + 510

der thun

0
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Sarmple
sample is the seeond which hus been tentatively iden-
tifiesl from pollen as lying between the Mankato and
Crnry substages. Submitted by David G, Frey, Uni-
versity of North Caralina.

Singlefary Loke, North Caroliva (Sfugletary Cary): Lows
cst of three layers in Singletacy Lake (cf. No. 475).
Submitted by David G. Froy, University of Nurth
Caroling.

Sawter, South Coroling {Swintce): Cypres wood Trom o
large stwomygs buried wimder 30 foet of 2and deposited by
the Santee River in South Carclina. Stump was 11
Tewt i aliameter, larger than wny now growing in the
reprion. Bubmitterd by Stephen Taber, University of
South Caralina,

Myrile Heack, Smulflt Coreline (Myrile Hemel): Cypecss
wael from the Myrthe Beach arca under the Mamlico
Terrace, Submitted Dy Stephen Taber.

E. Louvisrana, Mmsizzoerr, Missour,
Nepraska, aNp TExAs

Crokes Sile, Lowisivima (Quisby £1): Charcval from sec-
wandary manthe near junetiom with primary mantle of
enst slope Mound A, Crooks Site, La-3, La Salle Par-
ish, Markaville perid in Louvisiann, Submitted liy
G, Quimby, Chicage Natural Histary Museum,

Tebefunele, Lontrfare (Onfmby £} Charcoal from Lo 6
inches, T'chefuncte Site ST 2, Midden A, In Louisi-
ana. Submitted by . Quimby, Chicage Natural
History Musswm,

Tekefuncle, Lowiziane (Quimby T11): Shell from top 6
inchies of same Tohelumncle site as Mo, 150, Submitted
Iy G. Quimby, Chicago Natuenl History Museum,

Bymum Site, Mississippi (Bynum 11): Bynum vegetal
material from Site MCs-16, in Mississippd, base of
Moumd B, Submitted by Jehn Cocter, National Park
Service,

Bowfils, Missowri (Bonfifs I): Wood from the Bonfils
samel lerracs near the mouth of the Missouri River.
This terrace s a remnant of the Festus Terrace, and
the date therefore should apply to the Festus Terrace.
Sampde taken from 2 fect above top of the gravel.
Sulmitted by Louis C. Peltier, Waoshingion Univer-
sily @t St. Louis.

Mediciie Creck, Netragha (Schultz I): Churcoal from
Mesdicing Creek Site Fo-50 in Mebraska. It iz a mix-

L]

Age {Years)

Obder than
20,000

Uliber than
17,150

(Meler than
20,000

1158 250

633 £ 150

1233 +250

1276+ 150

12,148 £ 700

52560 4350



K2 RADIDCARBON DATING

b Samyle
ture of soil bands A andd B, which are 2 fect apuart.
Submitted by C. B, Schultz, University of Nebrasks.

1082 Medicine Creek, Nebeagha (Sehnlie £71): Churenal from
Soil B at Ft=50 in Nebragka, Submitted by C. B.
Echuliz, University of Mebraska,

470 Medirine Creek, Nebragha (Schults [1): Charcoal [rom
¥nil B at Ft-50, lower eccupation Zone Feature 18,
N.155/F, 45, Collected later and more carelully,
wtherwize duplicate of No. 108z, Subhmitted by C. B.
Sehultz, University of Nelwaska, '

471 Lime Creek: Lime Creck site chareeal, Fr-41, Fronticer
County, Nebraska, Reference: Lime Creek Bullelin,
page 34 (cf. Schultz, 1948, 1. M), Submitted by C.
B, Schulte, University of Nebraska,

558 Falsew Bame: Burned bison bone from Lulsbock, Tesas,
from the Folsom horizon, Submitted by E. H, Scl-
lards, Texns Memorial Museum, Austin, Texas, Mr,
Sellards’ description “This borned] booe has been
callected by Glen Evans and Geayson Mearde of our
stali. We are entirely satisficd that the horizon is Fol-
som, This conelusion that it s Folsam is based en two
pringipal abscrvntions, We have, as you know, &
thuroaghly proven seetion at Clovis, New Mexioo,
the seccession being a gray sand containing elephant,
other fosils, and artifacts as the basal stratum of the
geetion, Tollowel by a deposil containing A large pers
centage of diatomacrous carth as the seeoml stratum.
The elephant is absent fram this seconad straium and
instenid we have an almndance of bison, Ag the Lub-
bock Ineality exactly these comlitions are repeated,
grav gand 18 the hasnl stratum with dephant as the
mast common fossd], followed by the diatomaceous
material with the extinet higon as the alundant fos-
sil. Later unils are present at hoth localitles. At the
Clovis Boenlity the Folsom culture is contained in and
confinge to this sceond harizon. AL the Lubbock lo-
cality Folsmm cubture is prosent ns shown by the
fuct thut we have found Folsom jeintz thrown sut in
thie course of dradping. We have not vet found them
in plage In the distemncenus depesit, but are fully
convinced that they will be foand in place as excavats
ing prencecla.”

3T Secondiry (hannel, Fodzam Site, Vew Mexice (“ Folsow"™):
Charenal from a heneth in fill of secombary channel
which bhad cut through the orfging] depasit of hison
b anl artifacts at the original Folsom site. Col-

Age [ Wears)

HIT4 4 500

10,493 £ 1506

QRED & 671
D167 £ 6H)
Av, 8524 £ 450

ORI £ 350

4575 £ 0
3923 400
Ae. F283 2 250



RATHMOCARBON DATES

Lyr
Hin Hample

lected July, 1933, Submitted by I J. Cook, Agate,
Nehmska.

A Cedar Canyeir: Chareoal froms Cedar Canyon, Nebras-
ka, lecality Sx=101. Found in buricd hearth as de-
scribed in Fgure B, page 359, Volume LXX, Aweri.
e Nadwradisl, Bubmitted by C. R, Schalez, Univer-
sity of Mehmskn,

153 Ihwis: Corneobs from Vavis site, in eastern Texs, Mo,
RRER, Toncs 3497, Bulmitted by Abex Kricger, Uni-
versity of Tess, through Tames Grifling, University of
of Michigan,

a3

Age (Vears)

1993 + 190
LIT0 =430
Ao, ZHT £ 150

1553 £ 175

F. Anrzona, CALIFORNIA, AND NEW MEexICo

162~ Hat Caver Comeobs and wod fraggments from the de-
™ bris in Bat Cave, New Mexico. The depth below the
topr correlates with the development of corn from o
primitive fwem at the lewest layer of 6 feet to creen-

tilly modern eorn ab the top. Excavaled by Herlwert

Iick. Submitted by I'. O, Mangelsdorl, Haroed

University.
Zample Lawer {Trepsh in Feetd
165 [eobs) n-1
173 {woud) I-2
172 {woml) -3
ek el 171 (rorn and wood)  J=4
170 (wocud) 4-5

E67= Bod Caver Chorecoul nll from one area in Bal Cave. From
T3 lewels from which there has been no wandalism mnel
little oppeertunity for mixture by redent activity.
The development of the corn culture iz presumably
correlatable with the charcoal dates. Submitted Ly

Paul C. Mangelsdorf, Hurvard University,

Fample Luosstlun
T Arem 1, Section I,
Front, 11-15-inches depith
08 Arca LT, Section Ie,
Rear, 24=36-inches depth
AT Area IIT, Section Le,
Frant, 36-48-inches depth
i’ Aren 111, Section Ir,
Front, 48 6kinches dopth
512 Area LT, Sectbon 1r,
Front, H-feinches dopth
514 Area 1T, Seetion [r,

Front, flb-td-inches depth

1752 £ 250
1907 £250
2209 +250
I49 + 250
2EN2 4 250

16100 + K

2818 & W0

2HE 170

5605 = 190

RO TN (jsnair
run)

593 =30



(e

LI

SRS

2

AHE

mnil
L k]

216

A

515

A8

RADIOCARBON DATING

Bample
Twbsrosa e £: Comcobs from Tularosa Cave, New
Mexicn, ‘This sample of cobs was from Square 2R2,
Level 14, the lowest precermmic sceupuction level rest-
ing un samdstame Ledrock @ feet 4 inches from the sur-
fnee of the dey mislden, Submitted Ly Paal 5. Martin,
Chicage Natural History Museum,

Tlarose Ceve FT: Cobis and toee bark from Tularosa
Cave, Noew Mexico, This samgle was taken from
Seuare 2R2, Level 10, 6 feet 8 inches helow the siar-
fuoe. This layer Is the Pine Lawn phose, the first pot-
tery-miking period of the arca. Sulmitied by Paul 5,
Martin, Chicage Natural History Muscum, throuwgh
Thosabel Collier.

Tularage Care FI7: Corn nned vegetabde material from
Tulwrza Cave (of. Noa, 584 aml 585), Square 2RI,
Lavel 13 Pre-rrottery wind associated with Chirfeaken
e immlements. Submitted Ly Paol 5, Martin, Chi-
cign Notum] History Museum.

S Frameisen By Mound, Califorsie (Calffornia Ar-
eltfe): Charcoal from n Fan Franciseo Bay shell
reweanid, Site 4-Men-115, Fubmitted by R, F. Heirer,
University of Californin, Berkeley,

Crliforain Esrly Horison: Charcoal from near Snern-
mento, Sile 5Ju=68, culture Early Central Californin
Hugiznn ms dheserilaed in Robert F, Heiwer, The
Areharstagy of Cenlrad Colifornia. I. Early Horizen
{Anthropalogieal Records,” Val, X110, No. 1 [Uni-
versily «f California Press, 1949]).

Crelidse, Arisona (Cochize): Charcoal-bearing dirt from
¥ oanel ¥ beds shown in Figore 13, page 47, The
Corkise Crltire (“Melallisn Pagsers,” Mo, XXX,
This is the Sulphur Springs stage of the culture.
Submitiel by E. B, Suyles, Arzone State Museum,
Tugs, Arizona.

Corhise, Arizara (Swlphur Speivgs): Choreoal from
Cochise Site 6 North, Sulphur Springs stage. Sub-
mittesl by E. B, Sayles, Arizona State Muscom.

Cochise, Arizena (Chiricakira): Charcoal from Cochise

Site 12, Chirleahua Stage. Submitted by E. B. Sayles,
Arizona State Museum,

Cochisr, Arisgua (San Pedro [7): Churcoal from Site 3,
Sun Peslro slage. Sulphur Springs Valley, Arizong
{ef, Penroe £:8, Fig 4). Submitted by E. B Sayles,
Arfzona Buate Muascom.,

Age (Years)
2223 £ 200

2112 £230
2177 £225
Aw 2145 % fe0

2300+ 200

633 £ 200
il 2180
Aw, T2 & 130

4052 £ 160

T564 300

G210+ 450

0062 270

1762 £ 430
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Eamyile

et Lepgeli, New Mexico(Amers I): Cochise chirerl el
leeted by E, Anteve on the Wet Lugmett, New Mexics,
August 17, 1950, Found in wall of nn neroyo trilutary
to main Wet Leggett arrovo ol s depth 9@ feet B inches
below the ground level In beds which may be eitber
Chirfeahua or San Pedro. Submitted by E. Antevs
through G, Quimby, Chicago Natumal Histsry Mu-
Scum.

Covkize, oArizong [Suw Pedre): Charoml Trom Cochisae
Site, San Peidro stage (Henson 52000, Figare &, Bed b
Sulmsitted by E. B, Sayles, Arizona State Museum,

Fearler Lake: Searles Lake, Califurnia, erganic mat ler
from mucl seam separating upper and lower st de-
posits of Searles Lake, bwlicved to hove Teen de-
prmiter] by ool woters during st glackgon, Or-
prnic motter was exteacted with socten, cvagaratel
to a thick gyrup and the resinous material precipi-
tatel by adding water, Dunor's Sample 2. Sulanitfed
Ly W. A. Gale, American Potash and Chemienl Coe-
puration, Troma, Colifnemin,

Big Swwry Chareoal oo shell mideden on Californin const
al mouth of Willow Creek alout 30 miles south of
Riy Sur on const of Monetery County, Midden over-
luin By 10 feet of gravels, Iresent beach gravels sali-
merge 4.5 feet of midsden, indicating shore sulwisdvnee.
Sabmitted by R. F. Hefser, University of California,
Rerkeley,

(7. Nevapa, OReEGON, AND UTtAN

Gypaanns Caser Dhung of giant sloth from Gypsum Cooee,
Las Vegas, Nevada. Collected by M. R, Harrington
in 1931 from Room 1, dung layer 6 foce 4 Inches from
surfuce. Submitted by M. R. Harrington through
Ruth Simpson, Southwest Muscum, Los Angeles.

Gypsum Cate: Same from small room southwest of
Rowm 1, Taken 2 fect & inches from surface.

Leonard Kock Nhelter, Nevadu (Lronard  Keck): Une
burnesl guane from leyer containing woslen nrtilacts
in Leonarnd Bock Shelter, Mevada (LRSZ). Sulimitfexd
by R, F. Heizer, University of Californin, Berkeley,

Leonard Kok Nielter, Nevada (Leomard Keck 117 Atlail
foreshafts of hardwond  (Narcobaing, grensewomnd)
from layer deseribed in No. 281, Submiue] by B, F,
Heizer, University of California, Berker.

kS

Age (Yenrs)
450 & ARD)

Hnd + 30

Al lrasl 160XR)

1ETY + 250

10,402 & 340
1078 & 5
An, 10485 2340

BOI2 = 500
HOS51 = 450
AR & 430
Jp BRIT £ 250
A3+ 510
BEID 4 00
Aw, BaaiR + 2K

TOAR + 250
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Sample

Lesward Rock Shelier, Nevadn (Leoward Reck FIT):
Carbonized basketry from uppser guano lnyer, Avea
€. Associated with infunt hurial, Submitterd by R. F.
Heirer, University of California, Berkebey.

Feomard Rock Shelter, Newds (Leonard Rock Huosbels):
Another portion of the carbonized Lagketry found in
Leonard Rock Shelter cave and reprosented by No,
554, “Leonard Rock 111" which guve 1736+ 500,
Submilted by B, F. Helzer, University of California,
Rerkeluy. Comment: Earlier measurceacnt muse have
been in error.

Lesnard Rock Guano: Bat guano taken from immsediate-
Iy above the Pleistocene gravels in the Leonard Rock
Shelter, Mevada. Submitted by R, F. Hejser, Uni-
versity of Californis, Berkeley.

Lamelock Cove, Nevads [Lovelock 111 Rurned guana from
presceiupation level, Lovelock Cave, Nevnida (LCAA).
Submitied by K. F. Heizer, University of California,
Boerkeley.

Lovelock Care, Nevedo (Lovelack T1): Unburne] guans,
prenceispation level, Lovelock Cave (LCAR). Sub-
mitter] by K. F. Heizer, University of Californin,
Kerkeley,

Lotelock Cave, Nevado (Lovelock FI): Vegetal material,
earliest occupation bevel, Lovelack Cave (LOCH). Sub-
mitterl hy R. F. Helzer, University of California,
Berkeley,

fumboldi Cove, Nevadn (Hwmboldl): Basketry from
Humbeddt Cave In Nevadn, cxovvnterd in 1936, This
cave i some 10 ar 12 miles west of Lovelock Cave.
Sybmitterd by B. F. Heiger, University of California,
Berkebey.

Musama: Charenal from o tree hurned by the ghwing
|:um;|‘:n thrown gat by the explesion of Mount Maza.
ma {this furmed Crater Lake), This teee was foumel in
a ruadl cut above the Kogue River on Oregon High-
way 230, about 105 miles towand Hamowd Lake
from e junction of Oregon Highways 230 and 62,
The pumice & about 75 feet deep at this paing, amd
aheut 40 feet of pumice overlies the portion of the
iree from which these samples came. The impression
weas thar the tree was still in very nearly an wpright
position., Colleeted and suhmitied by L. 5. Cressman,
University of (Oregon,

fhangrr Cure, Ltak (Daenger Cire 1} Charesal, wousl,
aml sheep dung from Danger Cave, near Wenl-

Age | Voars)
2736 & 500

5779 400
S04 &+ 325
Ar, 5737 2250

11,199 570

4445 £ 250

‘}mtam
5061 +400
Aw. 6004 250

2452 L 180
2517 £320
Aw 2482 %260

1953 L£175

GAR0 L 320
1318 + 350
SO3H +400
B32T £400
Aw, 453 250

11,453 4600
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Sampile

over, Utah. Found on old beach of Lake Stans-
bury, conskating of 2 fuet of sanl deprosited an cu-
mented gravels, Both sheep dung and wonl were
found in the sl Inyer. Above this severnl feet of
later deposits lie, 'This sample was sheep dung from
donor's Bampde F IR FS 535, Submitted by Jeme D,
Jennings, Unlversity of Utah,

LDaseger Caze, Utal (Damger Care 17): Wkl only from
=ame location ns No, 609,

Fari Kock Cove, Oregon (Sandals): SBevernl paire of wo.
ven rogs: sniwials found in Fort Rock eave, which was
burded beneath the pumice from the Newherry erup-
tion in Oregon, Theugh Mr, Cressman himsel{ din nat
dig the sandlals, he feels certain that the persan who
fid gnve the correct information, They are exactly
like ones Cresaman had dug but unfortunately had
varnished, so that they could not be used for rackio-
carbon measurement. Submitted by L. 5. Cressman,
University of Chregon.,

Catlerr Cove, Oregons Ouganic debris from Catlow Cave
Mo, 1 in Oregon. Taken from LEE-fool depth (Moo
1.3025), Bubmitted by L. 5, Cressman, University of
Orregon.

&7

Age (Yenrs)

11,151 + 570
DIRE & 480
BONG & 540

Av, M5 £ 350

1118 + 190
TUR 230
Aw, 050 £ 150

H. MinxesoTa, Wiscowsiv, aND WyoMING

Bronson, Mimresala (Bronsen frierglocial): Womld from
a well, Bronsen Station 1, B2 fect helow surface in ns-
sociation with a wealth of plant materal in a Pregla-
cial spruce-tamarack forest, Collected Ly C. O,
Rosendnhl, Department of Botuny, Universily ol
Minnesota {el, Eeology, 29, 291-06 [1048]). Sulsmittexd
iy W. 5. Cooper, University of Minnesota,

Moorhead, Minnesota (Moorkead I'mierglaciol): Wood
from Moorhead Station 2, Minncsota, late Pleisto-
cene, May be associated with cary history of Lake
Apnsie (cf, Erolopy, 208, 280-90 [1948]). Collected
by C. (0, Rosendahl and submitted by W. 5. Coaper,
University of Minnesota,

Minnesole Borcol (Borgal IIT): Peat from Jackson
Camyy, Minnesota, Taken from 8-foot depth in Pol-
len Zone B (pine perdod) by ]. E. Potzger, Butler
University, Indianapolis, Indiana. Submitted by
F. 5. Deevey, Jr., Cshorne Zoological Laboratory,
Yale University.

Minnesolo Boreal: Peat from B.S.meter depth in Cedar
Bog Lake, Minnesota, Pollen Zone B. Collected by

Oleler than
149,000

11,283 & 700

58N+ 490
B860 + 35
Av, TIZE + 300

TUEE + 420
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Sanigile
M. Buell. Sulmitted by K., 5. Deevay, Jr., Yale Uni-
veraity.

Tiwe Crecks, Wiremnrin: Wood and puat samples from
Twa Cresks forest bed, Manitowos County. Forest
ol undlerlics Valder's Deilt (Thwnites). Apparently
the spruce forest was submerged, pushed aver, and
Bauried wmber glacial drift by the [ast advarseing ice
gheet i this region, Thought o be Mankate In age.

Rample Collerrisa
08 spruce wool) Lo R Wilson, University of
Massachusetts
365 (Lree roat) 1 Haren Bretz, University of
Chicngn
66 {peat in which T Harlen Brets, University of
root [305] was Chicaga
rooted)

536 (spruce wond) ] Harlen Brotz and L, Hoberg,
University of Chicago, Col-
lected severml yemrs lader
than 308, 365, and 366 in
1550,

537 [juai) T Harlen Bretz ard L. Horberg,
University of Chicago. Col-
lectenl suveral years later
l!!:.;:r]i 308, 365, and 366 in
1 h

Sand Frhoued, Wiscomsing Teat from Sand Island, Bay-
fielil County. This unique peal dates the one cutlet
stage of the Nipising Grent Lakes. Submitted by
1. R, Wilion, University of Messachuscits,

Lake Butte, Wiscomsin: Cilaginl wool (cf. Badl. Geod, Soc.
Am., 54, 136 [15943]) found between Appleton and
Menasha, on the eastern shore ol Litthe Lake Bulie
des Morts. Log protraded from & fng bank of
varved elny, perhaps reworked but older than the
surface till of Valder's Drift, Appears faltensd Ly
pressare, Collectod amd submitted by F. T, Thwaites,
University of Wisconsin.

Suge Creek, Wyoming (Vimo): Partinlly burned Dison
Teme: with high crganic content, frem Sage Crock,
Wyoming., Yuma site of Eizely and Jepsen, Suh-
miiteed by 05, L. Jepmsen, Princeton University,

I, Souru DAKOTA

Angostura, Sputh Dobafe: Charenal from site in the
Amgostura Reservolr area. Horizontel zone 3.5 inches

Aue (Years)

10,877 £ 740
11,437 £ 770

11,07 £ 600

12,168 £ 1500

11,442 £ 640

A, 11904 £350
650+ 640

5038 & 200
6864 + 300
Aw. G401 + 230

G619 + 350
7132 #3450
Av. GRF6 £ 250

FTLI5£740
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Haumgile
thick mixeel with eay (decompmmisl Pierre Shale).
Sample 3OFAGS-203 from Sguare NTEA, Ara B,
Submitted by F. H. H. Raberts, Hupenu of American
EI?\M]W. Smithsonian Institution, Washirgton,
Leng Site, Soull Dukolar Charcnal frem the Long Site
(H9FANS) in the Angostura area of southwesters, The
charcoal was taken from an oval-shape! unpovgsansl
hearth (Feature 14) 2.1 feet bong and 1.5 fect wite
in the west center of Square N3E3, Part also wos
taken from & small surroumcling anm, Donor's
Sample J9FAG5-417. Collegledd by Richard P,
Wheeler in the summer of 1950 in the fichd party of
I'aul L. Cooper, River Bagin Surveys, University of
Nebraska. Submitted by Paul L. Cooper,

T, Avaska

Vukon, Conoda (Fohmson I): Charcoal and charnal.
wood sanples [rom buried seal luyer in the Yukon,
Submitted by F. Juhnson, FPenbody Foundation,
Fhillips Acadlemy, Andlover, Mossnchusetis,

I paadik, Aloska (I pintak): Wood from the Ipiotak site
at [heering, Sewnred Peninsuln, Alnska, Third level in
debris. Estimated date ap, 0-500, Excavated Ly
Helge Larsen, summer of 1949, Submitted by F.
Rainey, University of Pennsylvania Museum, Phila-
delphia;

Tptinak, Aloska (Fpatak F1): Wl from Grave 51 at
Ipiutak. Described in Larsen and Raincy, pislalk
and the Arciic Whale Huniing Cultnre (*Archeological
Papers of the Amerlean Museum of Natuml His-
toy," Veol. XLIL). Submitted by Helge Larsen, Uni-
versily of Alaska, College, Alaska.

Pre-dAlewd, Alentian Lalands (Alewd 1) Charcoul from an
Aleut village site near the village of Nikolski on Unink
Island, This particalar sample was taken from a
depth of 433 em. and is pre-Aleut in age, Submif el
by W. F. Laughlin, University of Onegun,

Fairbaenks: Wood found under BO-100 feet of froaen
muck in the gold diggings near Eva Crock, Fairbanks,
Alagka, Submitted by Wendell Oswalt, University of
Alaska Museum, College, Alaska.

506 Nortow Bay, Alaske (Aluske [7): Charred wood from

middle levels, Iyatayet site, Norton Bay, Alaska.
Excavated ly Giddings in 1999, Submitted by F,

Age [Vean)

TOT3 + 300

10l = 180
1461 & 180
An 15332150

H3£170

HI+1T0

2020+ M40
3407 £ 500
Aw UL & 2310

(¥eler than
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Hamjide
Bainey, University of Pennaylvania Museum, Thiln-
felphia.

Denbigh, Alusta (Deubigh Log): Base log fram Paleo-
Tskimo House 7-IYHT; Cape Dienbigh, Dyatayet
site, Submitted by F. Kainey, University of Pennsyl-
vunia Muscam, Fhilarlelphia.

1. Lawrence Iland, Afnshe {Alagka F}: Spruce wonsl
froim Flillzide (Dfvik House), Gambell, 31, Lawrence
Tslnndl, Alagka, Exeavaterd hy Giddings in 1939, Zul-
mittel by F. Rainey, University of Pennsylvanin
Museum, Philaddphia,

Trail Creel: Willaws anel chareoal from 80-em. depth in
Cavee @ at Trail Creck, Alaska. Sulmitted by F.
Ralney, Universily of Penmsyivania Muscurn, Phila-
dhelphia,

Fairbanks Creek: Woodl Trom 30 1o éfh-loot digpth on
Fairtranks Creck, Fairlanks, Alaskn, Associated with
extingt mammal bones. Submitted by Wendell Os-
walt, University of Alnska Museam, College, Alaska.

1V, MEXICO
{Principal collubsratar: H. nE TERRA)

Tialiten, Mexice (Mexico J): Chareoal from varisus
hurksls ag different shepths at Thiltiles. Early to mkl-
dle Archaie Teriol, Collected by H. de Term. Sub-
mitted Ly [, B, B de ln Burlolls, Museo Mncianal
de Antroguologia, Mexioo, ILF.

Faralenco I, Mexieo (Mexico I1): Charcoal from lovwest
sherl luyer, assocated with Yacatence | poatery.
Farly Archaic Period, refuse heap at Lacatenco,
Mexlen, Collectes] by 10, de Terra, Sulmitted by
D, F. B i |n Borbolla, Musco Naclonal de Antro-
prdugia, Mexice, L.F.

Teotihmacdn, Mexien (Mexico JI1): Charcoal Iron core
af Pyramid of Sur, Teotihoncin, Mexico, The sample
was tnken inan cxcavated tumnel 65-110 meters from
entranee lelow main center stairense. Tl core of
porramld comtmins lale Archade type pottery. Cal-
Ieetr] by H. de Terrn. Subenitted Ly D. F. R. de ln
Burbulla, Museo Nacional de Antropologla, Mexi-
o, [LF.

Tlaltiteo, Aexics (Mexico I'V): Charcoal from preceram-
ie level including ““Chnloo culture™ artifacts in Rio
Honzln terrsce gravels at Tlaltiloo, Collected by H.
de Terr, Submitted by D, F. B, de la Borbolla,
Mugeo Nogionnl de Antrapolegls, Mexieo, 1LY,

Age [ Viears)

016 £ 250

2258 & I

5003 4 280

12,622 + 750

407 + 250

33104250

2434 4 500
1519 + 200
A, beferopraenis

G004 £ 450
GHT £ 320
A BTN+ I
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Sample
Caicurilee: Charcaal from potlery level below Pedregal
lava near pyramid of Cuicuileo. Associated with pot-
tery amd figmrines of Inte Archnic ((Heoman Phase
type). Collected by H. de Terra. Submited Ly I, F.
R, de la Borbolla, Museo Nacional de Antropologia,
Mexico, ILF.

Loma del Tepoleate, Wervieo (Foma): Chorcoal frem
flnor of stone strueture, Loma del “Tepaleate, lane
Archaie Perlol, Collected by H. de Terra, Subimitted
by D, F. R, de la Berbolla, Museo Nacional de An-
trepologin, Mexico, 1L I,

Tamondipas, Mexico {Puehlile): Charcoal from top level
of Site T174, state of Tamaulipas, FExcavater from
Squrre N25, La Perrn or Pucblite Culture. Colleeted
by R. 5. MacNeish, Submitted by D, F. R. de la
Borbolla, Museo Nacional de Antropelogia, Mexico,
D.F., through H. de Terra.

Heeerra Woed, Mexica: Wood from Ciudad ee los he-
partes near Mexios Clry, Armenta Horlzon assoclaved
with mammoth, horze, ¢te, Younger Becerra forma-
tion. Collected] in 1944 by Arcllang and H. de Terra.
Sulmmitted Ly 2. F. R, de la Borbolla, Museo Na-
cimmal e Antropologin, Mexico, IVLF,

Beeerra Peat, Mexfeo: Teat from same station as Mo,
204 but 500 meters cast. Also from the Armenta
Huorizon, Collected in 1944 Ly Arellano and H. de
Terra, Bulimitted by 3. F, B, de la Barbaolla, Museo
Nngional de Antropologin, Mexieo, DJF,

Marl at Tepexpdn, Mexice f‘.l"rqudu IY: Stems and
roots of nguatic plants extending from 48 to 70 inches
from surface of marl into and through caliche Layer
beneath which fossil Tepexpn man was found. Col-
lected and submitted by H. de Terrn, Wenner-Gren
Foundation, New York.

Adetetra, Mexive (Sun Temple): Charcoal frem debris in
south chamber of “painted patio," 140 meters above
flsor of patie. In associntion with Teotibuacin 1T
style pottery. Submitted by H, de Terra, Wenner-
Giren Foundation, New Yark.

Teetihuacdn, Mezico (Sun Temple): Woud from large
pilliar on exhibit at Teotihuacin, Excavated 1921 in
“Ciudmdela™ at Teatihuncin, probabdy part of sup-
port for vounger temple of Cuetealcont] superime-
poted an older structure, Submitted by H. de Terra,
Wenner-Gren Foundation, New York,

"

Age (Years)
2421 £ 150

2E0S & 200

05 4 165
0 £ 220
Ar, 851 & 150
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1878 + 200
In11 4330
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Manie Negro, Mexizo (Athon I): Charconl from ‘Temple
X at Tilanteago, Oaxaca. Sample of collapsed rool
beams of temple excavated with rubble fram temple
finor, Monte Alban I level, Submitted by Alfenso
Casa, Institute Macipnnl Indigenista, Mexico, [0,

Chachoapon, Mexico (Athan I Wood from rool
beams in tomb at Chrconpan, District of Nochixtlin,
Oaxaca, “Corresponds with pottery of Monte Alban
HI-A type” Submitted by Alfanss Cosa, Instituto
Macional Indigenista, Mexieo, D.F.

Monte Alban, Merirs (Mande Afban 1)z Chureoal (rom
Well of Offering No. 3, Mound IT {Temporada XI1},
Monte Alban, Monte Alban I Jevel, Submitted by
Alfons Caso, Institute Nackonal Indigenizta, Mexden,
DF.

V. SOUTH AMERICA
(Principal collaborator: J. B, Biep)
Muare Prieta, Pern (Chicama): A serics of samples from
Huaca Pricta Mound 3, which & preceramlie. Col-

Jeeted md submitted by J. B Bind, American Muses
um of Naotural History, Mew York.

Sample Level (Erepih in Fret from T
32 {12) (plant materfal)  HDP-D: 6

Si8a (9) (wood) HP3J2; 22

318D () (woud)

316 (T) (wool) HPA-M; 30

315 (8) (shell) HP3-M; 30

313 (4) (wood) HP3-01: 36

Comment: First sample (No. 3183) looks Incorreet.

Huoen Pricia, Pera (Chicama FIT): Sample of cattnil
roats from Layer K-2 of Huaca Dricta Mound 3,
Sheld B hetween Mo, 316 aml 318, Submitted by
J. B, Bird through H. €. Cotler, Chicago Natural
History Muscum,

Hugea Pricio: Charcoal from the bowest ocoupalion
level of Husea Pricta Meund 2, found directly on
Imedlrock Ly Constante Larco, under the direction of
J- B. Bird. Sulsmitted by J. B. Bird, Amcrican Muse-
um of Nalural History, New York.

Huaca Priete, Pern (Peravian): Algaroba wood Trom
roal beam section of subtermncan house found in
Husen Pricta Mouned 5 at the bevel of first appearance
of malze and Cupisnique pottery, Chicama Valley,

Age [ Yenrs)
2516 £250
6RO & 200

Aw, 2600 & 170

1652 & 1RS

2231145

2006 + 300
1989 + 106
3550 £ G0
4380 L 270
3572 £220
4257 £ 250

4044 4 300

4298 £230

2665 + 200
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Samplu
Teru, Collecte] and sulimitted by J. B. Bind, Ameri-
can Museum of Natural History, New York,

Huaen Privis, Pera (Ukicoma JV): Womlben digging
stick from House Mo, 2 of Huaca Pricta Mound 5.
Should be more than 100 years alder than Cupismique
{No. 75} Sulmitted by 1. B, Birl, American Muse-
urm of Natural History, New York.

Hnacn Fricla, Pero (Peruvian Rope): Rope in excellont
eondition from cnche in lowest layer (D) of Hunea
Prieta Moumd 1, Associated with early Negative
{Gallinazo) pottery. Submitted by J. B. Bind, Ameri-
can Museum of Natural History, New York,

Mocke: Ash mized with bune from Moche site at Huaen
tlel Bal, northern Pera, Taken from habitation site,
peoamd level, beneath pyruomil on nocth (oo in cens
ter, Associated with Mochic shenbs, Colleeted and
submitted Ly G, Kubler, Yale University.

Virdt Villey, Peru (Mockico Rope): Rope from o lnte
Mochica burial at Hisaca de ln Cruz in the Virg Val-
lew, Associated pottery mdicates it dates from the lat-
Ler part of the Mochion perind us recordles] in Lhe
Virt, the first valley south of Moche, Submitted hy
W, . Strong, Depariment of Anthrepology, Colum-
Tsin University, through J. B, Bind, American Muse-
um of Natural History, New Yok,

Paracas Necropolis, Pern (Paracas): Cotton clath (rom
the mummy brought to New York in 149 by D
Rebeoea Carrion, National Muscum of Anthropology
andd Archacalogy, Peru. From Paracas Necropolis.
Sulmitted by T. . Rird, American Museum of Nat-
ural History, New York,

Nasra Valley, Peru (Nasea 1): Secthons of four darts, dis-
tal cnds painted black, three hard and whipping ot
enel, Cahunchi, Nnzen Valley, Section Aj, Lecation A,
Grave 10, Nazen A Period, Exemvated by A, L.
Krowler. Specimen 171210, Chieage Natural History
Museum. Submitted by I), Collier, Chicago Notural
Histery Muscum,

Nasca Valley, Pern (Nazca JT): Wood fragments of
Atlatl shaft from Grave 12, Location A, Seetion Aj,
Cnhuonehi, Nazea Valley, Nazea A Period. Catalogue
Was, 171245 and 171246, Should e contemporancms
with Paracas mummy, Collectesd by Ao L. Krocler
amed submitted by 13, Collier, Chicago Natural Hiz-
tory Muscum,

B3

Age (Vears)

32784250
3333 +340
Ar, J300 & 200

2632 4 300

K13 + MK}

(EELES L)

2080 + 350
1836+ 31
Aw, 2257 + 200

1314+ 250

1681 250
2477 +200
Ao, ZZIT £ 200

Ar. imcluding
No., 44
1958+ 200
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Chimcha, Perw (Chimeha): Guano from North Chischa
Tsland found Lenenth 3 fect 6 inches of wind-barse
sand at Quebrada del Pantean by G Kulsler, [eparl-
ment of [History of Art, Yale University. Selimitbed
by G Rabler.

A plocton (e, Chile (Chilean Slath): Dung of giant slath
fram Mylodon Cave, Ultima Esperanza, Chile
(51°35° 5.). Mot associnted with human artifacts,
though sloth and man found together in three mves
125 miles distant {cf, Ko, 485). There is an as yot un-
determined correlation with the last fec advance in
Patagonia. Submitted Ly J. B, Bird, Ameriean Muse-
um ol Noturnl History, New Yok,

Palli Aike Cave, Chily (Chilean Bane): Burned bone af
sloth, horse, and guanaes, associated with human
Bomes and artifacts, Valuable in determining time of
arrival of man at tip of South America, Material
foamd in Palli Alke Cawe, 125 miles cast of Mylodon,
Submsitted by T. B. Bird, Amerionn Museum of Malu-
ral Histery, New York.

VI. TREE-RING SAMPLES

Broken Flwle Cave, New Mexico (Tree Ring): Douglas
Fir wood exeavated by Morris in 1931 from Bed Rock
Valley, Room 4, Broken Flute Cove, Inner ring A0,
530; outer ring A0 623, Sulimitted by T, L. Smiley,
Laboratory of Tree Ring Research, University of
Arironn, Tacson,

Segueia: Wood from the heart of the giant redwood
known as the “Centennial Stump” felled in 1874,
with 2005 rings between the innermost (and 2802

. rings between the outermost) portion of the sample
and the gutside of the tree, “Therefore known mean
age was 2028 + 51 years, Submitted by E. Schulman,
Laboratory of ‘Tree Ring Research, University of
Arizona, Twesomn,

VII, {FIHER AREAS

Ubayeima Skell Mound, Japan (Fapanese): Charcoal
from Ubayama shell mound, alout 10 miles west of
Tokye, Japan, Chureoal was parl of stroctural re-
miains in & house arca in the bottom levels of the
mound. Found in fall of 148, Thought to be oldest
house gite in Japan, Sabemitted by Ralph L. Brown,
26 West Ruslic Liclge Avenue, Minncapolis, Minne-
sotn, Similar mmple submitted by Licutenant
Colonel H, €5, Bchenck, This sample was nol meas-
ured,

Age (Vears)
(der than
16,000

10,800 £ 570
10,864 + 720
A 10,832 2400

B639 + 450

973 4200
1070 £ 100
Av, 1M2 % 80

M5 +210
ZHIT + 240
2404 4 210
v 2TI0 L 130

4850 £ 270
3538 4 500
Av, 4546 £220
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Lbayams Skell Mound, Jupon (Lale Tomen): Chisrcoal
collecten] by Father Giroed from the carly Late ermll
{Haorinouchi Btnge) horizon ar the Usaynma shell
mound (ef, Mo, 548) in _]'ngmﬂ.. Sulimirted through
H. L. Movius, Harvard University.

West Africar Carbonizs] wood from n late Upgser
Pluistecone deposit at Mubs, Angela, Portuguese
Wit Alrica, asaciated with a Lupembian stone
Blide {late Btone Age). Foum] on the eastern bank of
the Luembe River (7°38° 5,; 21°24' E.). Stratigraphy
wens geny-white suned ol surface 2,50 meters thick. AL
the base of this the Lupembion {ate Stone Age)
backed blade was found in mint comlition, unworn
and associated with the carbonized woad meazared,
Next below the sind was a gravel layer 65 cm. thick;
next m fereitized grovel ngper 5 em. thick; then a
gravel lnyer identical with the seeond Inyer from the
surface. This was 10 em, thick and rested on the bed-
rack of mica schist. Submitted by . Janmart, Musco
do Dunde, Comparchis de Diamantes de Angola,
Drundo-Landn, Anggda, through H. L. Movias,
Harvared University.

West Ajricnr Corbonized wood found 15 em. down in
the gravel Inyer underlying No, 580, Sulmitled by
J. Junmart through H. L. Movius, Harenrel Uni-
versily.

Hawaii: Charcoal from earlicat Polynesian culture in
Hawaii. Found in Kiliowou Bluff Shelter, Kullauaw,
(Oahm Istanel, by Kenneth P. Emory, Bernice P.
Bishop Museum, Honoluly 17, Hawail. Submitted
by K. I, Emory,

Angiralin A: Aboriginal kitchen micdden chareoal from
Australia, taken from Goose Lagoon, western Vie-
toris, on property called “Leura™ cast of Goose La-
goan. The midden was on the north side of the acoll-
nnite region and toward its east emd, about 15 foet
abeve the alluvium fint. Cellected by Edmund T
Gill, National Musecum of Vietorin, Melbourne, Sul-
mitted by . L. Moviog, Harvard University.

Australia B Aboriginal kitchen midden charcoal from
Augtralia, 1aken irom Eoroit Beach nt Armstrong's
Bay, northwest of Warrnamboaol, Vietorin, Collocted
liy Edmund I¥. Gill, National Muscum af Vietoria,
Melbourne, Submitted Ly H. L. Movius, Harvard
Univeraiyy.

LY

Age (Years)
4513 £300

11,189 4490

14,503 + 560

6 £ 180

174175

538 4200
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606 Waterlon, Canada: Western Alberta, Canulbs, glacial

forest bed in northwest quarter, See. 8, T, 2 K, 20l
Waterton (of, Waterton Lakes topographic map).
Stratigragphy: Top soil 1 foot; gravel 12 fect; lucus-
trine clay § ooty gravel 2 feel; samly silt with in-
vertechente fosails 2 Tect; fnrest e 2 feet ; dark-loown
Kowatin drift 9 lece. This sampsle was wood, L, K,
Wilson, University of Massachugetts, says it is black
aml white speruce. The corlogy is similar to that at
wilge of tumim now, Submittel by Lelansl Horlerg,
University of Chisgo.

607 Walerlen Peal: Same as No. 606, cxoapt peat Instead of

e wond.

620 Mawchirio (Seeds): Ancient Manchurdan Jotus seeds,

still fertile. Callected by Ichiro Ohga in the Pulantien
Basin of southern Manchura in o peat layer pre-
sumably of Pleistocene age; uplift and ersion hwl
expeiseel the lnyer on the walls of the Pulanticn River
Yalloy, Ohga germinated several hundred sewds,
either filing the thick cater shell or soaking in con-
centrnted sulphuric acid for 1=5 hours. Genus Nelis-
bo, similar to the Inlinn lodus ¥, muedfera. Sub-
mitted by B, W, Chancy, University of Califormin,
Herkeley.

Age (Years)
J261 250

3327 £320

10404 210



CHAPTER VII

THE SIGNIFICANCE OF THE DATES FOR
ARCHEOLOGY AND GEOLOGY

Hy FREDERICE JOHNSON

RCHEQLOGISTS, geologists, and palynologists are con-
A tinually searching for the means of improving methods of
counting tivae, Thecommonly available relative chronologics
lack precizlon and direct correlation with the calendar, excepl when
they may be checked with old written records or with a few more
definite systems, for example, the calendar based on tree-ring counts.
The latter kinds of methods, however, have definite regional and
temporal limitations, Despite such difficulties, dates of varying re-
liability can be assigned to all major events and a large proportion
of minor ones included in the subject matter of the several fields.
The error in these dates varies from + 150 years or less, as those of
the Near and Middle Enstern civilizations where written records
supplement archeological data, to geological cstimates of Pleistocenc
events the errors of which are often £30 per cent or more. The
posgibility that the radiccarbon method might increase our knowl-
cdge of chronology was heartening, but this was tempered by the
realization that the archeologically and geologically dated materials
used in developing the method were not precise and that seme were
actually subject to question. The results were surprisingly consistent,
and our early qualms were unjustified. In general, sories of dates
having reliability which can be supported by archeological or other
investigations have been, with puzzling exceptions, substantiated by
the radiocarbon method. The agreement between radiocarbon and
other methods on dates which are not so well documented is quite
erratic. However, on the whole the results are very satisfactory, and
the “failurcs™ simply present problems requiring attention.
Libly and his associates wsked archeologists and geologists for ma-
terials of a nature which no one dreamed would ever be useful,
Furthermore, precautions preventing contamination of samples by

w
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extransous radiecarbon had rarely been taken. “The kind of sample
needed is relatively rare in many archeological collections, for for-
merly the bulk of this sort of material, once its presence had been
recorded, was often discarded in the field, Furthermore, all too fre-
gquently an otherwise acceptable sample might be an ancient tool,
an example of some product of industry or & work of art. The exca-
wvator retained and preserved with various preperations such arti-
facts for & definitc purpose. In large measure these conditions are
responsible for the lack of adequate series of samples from important
regions. However this may be, suificient material has beecome avail-
able through the interest and generosity of a large group of people
and institutions, and it is satisfactory for preliminary discussion. Tts
importance in relation to the method itselfl has been amply deseribed
by Tor. Libby. Here we will offer a brief discussion of the results in
relation to archealogy, gealogy, and palynology.

In making initial plans, the Committee on Hadioactive Carbon 14
decided that the collection of such a wide range of samples could
best be controlled if they were collected in groups. The committee,
rather arbitrarily, selected particular hut hroad problems which
had been under investigation, The primary purpose was to aid in
the development of the method. However, it was hoped that signifi-
cant chronological data, useful in many ways, would be produced.
An archeologist was requested to take charge of each problem, callect
through his colleguees appropriate samples for Libby, and in the end
prepare a report on the results. Geological prablems were assigned in
a single group which was expanded to include palynological samples.
The serics of archeological reports have been published under the
auspices of the committee in Radiecarben Daling, assembled by Fred-
erick Johnson (“Sociely for American Archacology Memair,” No. B
[July, 1951]}. The discussion of the geological and palynological data
appears in Richard oster Flint and Edward 5. Lcevey, Jr., “Ra-
dincarbon Dating of Late-Fleistocene Events,” Ameerican Journal of
Science, 249, 257-300 (1951). The following remarks are bricf dis-
cussions of a few representative series of dates selected from the
above publications. These serics have been chosen for the purpose of
indicating the character of the results, particulardy from the point
of view of a particular Geld or problem.

Julgment concerning the accuracy of a date depends upon & num-
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. ber of factors. Considering the radiocarbon method alone, a date is
satisfactory if it is in agreement with calculated values. On the other
hand, the age of many samples submitted by archeologists and others
is known within certain limits, having been determined by other
means. Disregarding contamination, undetected laboratory errors,
and other extraneous factors, it may be obzerved that, when & valid
radiocarbon date disagrees radically with an archeological date, we
are faced, emporarily we hope, with a dilemma., There are & number
of these in the list, and the reasons for the discrepancies cannot be
explained. Because of the nature of the results, there is an under-
standable tendency to give greater credence to values obtained by
the method rather than to ages determined by methods available to
archeologists, peologists, and palynologists. It must he emphasized,
however, that, in spite of the lack of precision in all cases, many ar-
chealogical and other dates are based upon evidence the validity of
which is at present impossible to refute. A very brief summary re-
view of some salient points will provide some background for such a
statement.

The time scales used by geologists, palynologists, and archeologists
are, with rare exceptiong, baged upon stratigraphic sequences, Dates
given in numbers of years for levels in a stratification are often mis-
understood, and they can be misleading. With seme exceptions such
dates are but convenient ways to indicate the estimated age, and a
relatively large probable error is implied if not stated. Actually a
date from one level indicates only its relationship to these above and
helow. The location of samples in a series of levels in the ground or
distributed over historically identifiable surfuces of the earth estab-
lishes chronological relationships between the samples. Knowledge
of the extent of this relationship varies with the character of sub-
sidiary information which may he derived from a study of the char-
acteristics of the several levels. Az has been said so often, materials
fram the lowest strata are older than materials from higher ones, pro-
vided of course that the whole deposit has not been overturned
or otherwise disturbed. Tt may be added that, where superimposi-
tion is nat directly ohservable, it may often be accurately deduced,
so placing in sequence nonoverlapping strata which may even be
located in areas widcly scparated horizontally. Although general
principles governing such deductions are commenly known, there
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are instances, often due to lack of fact, where chronologies hased
upan series of strata vary in degree of accuracy.

An adequately documented relative chronology of a sequence of

+ geological or archeological events can be relicd upon at the very
lcast. to indicate the order of events, Frequently reliable inferences
concerning relative time inlervals between events may also be made,
Howewver, when it is necessary to correlate events in one such se-
quence with those in another, inferences of contemporaneity or suc-
cossion must be made with care. Such are not dependable unless
supporting evidence indieates strong probability, Tn the earth sei-
ences, archeology, ete., such inferences are frequently made, and at
times they are highly useful when properly considered. Regarndless of
these difficulties with relative chronologies, provable and, in large
measure, inferred sequences supply a background for the determina-
tion of chronology cven though the results are not precise in terms of
a limited number of years in the Christion calendar.

Perhaps because archeology, a relatively young science, is only
approaching a stage permitting the definition of hasic principles
governing the determination of the chronology of human existence,
investigators may be said to be experimenting with methods, During
the last 20 or 30 years, in America at least, various ways of counting
time during the past S000 years or so have been invented, discarded,
or reorganized and improved. This inevitably confuses nonarcheolo-
gists, especially in instances where discussions of sequences of events
refer to specific materials and their provenience and fail to mention
clearly differences of opinion concerning the derivation of chronologi-
cal fnctors,

There are two general kinds of problems, One involves especially
the older remaing of man where archealogical materials can be as-
signed relative dates of varyving degroes of reliability through collaho-
ration with geology, palynology; and other overlapping fields. The
second is more froquently concerncd with later cultural material
found in situations having physical characteristics which are almost
whaolly due to the fact of human cecupation. In such locations strati-
fication iz prezent, but it is frequently impossible to identily it. Con-
seepuently, archeologists augment scarce definite stratigraphic data
with inferenges from internal evidence, such as the evolution of styles
of pottery, changes in the form of tools, the shape of houses, ete,
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The resulting chronological framework is of course very insecure and
i recognized as such by any reputable archeologist. The use of such
must strain the credulity of investigators in allied fields, especially
those in possession of more precise data. Be all this as it may, cer-
tain points in the relative time scale for recent human development
in North America have hecome rather firmly established, not per-
haps by logical proof, as in exact science, but rather by the sheer
weight of confirmatory evidence. In other words, the prohahility of
their accuracy is so strong that the possibility of error is slight indeed.
Unfortunately, no suitable statistical expression of this can be made,
Other dates, “guess dates” they are called in archealogical jargon,
are subject to controversies. These cannot be resolved at the present
time, but they may be reduced by a process of climination so that
either ranges of error of these dates or hypothetical and sometimes
multiple locations upon a time scale may he suggested. Tt s in-
evitable that further archeological rescarch will bring to light evi-
dence which will remove much of the uncertainty from these csti-
mates.

Abave all, the radiocarbon method gives promise that it will be a,
a tool useful in shortening the process of establishing the time when
many events in human prehistory took place. However, if present
conclusions are correct, the ordering of these events cannot be ac-
complished by the radiocarbon method alone, at least until such
time as a number of uncertainties can be clarified. The results must
he checked and revised in the light of unassailable stratigraphic fact.
Thig need [or carelul crozs-checking leads to a collaboration between
the several fields which, as it is carried out, will inevitably result in
further development of the radiocarbon method and vast improve-
ment in the recording and interpretation of the provenience of the
samples,

The group of samples having “known’" dates came from archeo-
logical sites in the Near and Middle Eastern regions. The accuracy of
these archeological dates ranges from about 4350 to + 150 years,
such errors being due largely to lacunae in the existing records. It is
also true that the beginning of recorded history of the several areas
in the region varies over a range of some 900 years, However, com-
parative archeology, using in large measure records and sequences of
events in Egypt and Mesopotamia, makes it possible to establish a
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rather reliable regional chronalogy extending backward in time {or
some 3000 yearz,

Four of these dates have been plotted on Figure 1. The date
“Zoser'" (No, 1) is the only one of these which in the range of 1o is
unauceeptable to archeologists, for it is much too late. While statisti-
cal probability indicates general consistency of this date with the
others in the series, the range of 27 is too large to permit useful eom-
parison with archeologically derived figures. Of the seven remaining
dates from the same region, one (Mo, 115) is about 800 years too
late. However, the sample is suspect because of doubts concerning
the status of the period it is assigned to. Also there is a possibility
that ts provenience on the sloping side of a mound has been mis-
interpreted. Because of these uncertainties, this sample probably
ghould not have been submitted at this time. The date of another
sample (No. 183) is too late, but the archeological date could well be
in error, A third date (Ne. 113) is comparable only to an archeologi-
cal date, the error of which iz as yet undetermined. Excepting the
Toser sample, dates on other samples, referable to dynastic Egyptian
gequences and records, are in good agreement with archeological
opinions. Comparing archeological and radiocarben dates without
regard for statistical factors, especially the counting error, imposes
rather strict limitations. Even so, the agreement between the two
systems is remarkable, especially for such a small series.

The determination of the chronology of rise and fall of civiliza-
tions in the Nearand Middle Eastern regions is complicated by many
factors not the least of which is the size of the cities which flourished
gver long periods of time. Changes in town planning and repair and
rebuilding of houses and palaces increase the difficulty of determin-
ing stratigraphy. In general, however, the good agreement of the
dates implies confirmation of a number of present archeclogical
apinions concerning chronology. Where questions do arise, it is
notable that the archenlogieal data are uncertain, There is little
doubt that, as & whole, the results of radiocarbon measurement are
fuite satisfactory.

It was not until 1927, when a type of fluted arrowpoint called
Folsom was found in association with an extinet animal, that it be-
came penerally admitted that the human occupation of North
America was at all ancient. Since that time the study of “Early
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Man™ has greatly expanded the horizon. Tt has been discovered that
the culture of which the Folsom arrowpoints were a part is widely
distributed in the continent, [n addition, evidence of old human ac-
cupations other than Folsom has come to light. Many of the levels
in which evidence of these occupations is found can be associated
with geological events and hence may be referred to a geochronologi-
cal time scale of the Pleistocens and Late Pleistocens. The difficulty
has been that, in spite of general agreement concerning sequences of
strata, estimates of age by several authorities for various features
have not always agreed, sometimes by as much as 15,000 years. An-
other problem involves the correlation of deposits in the north, where
glacial phenomena are present, with deposits south of the range of
glacial iee which are identifiable through the effects of climatic and
other factors, Similarly there is the problem of correlation of de-
posits on either side of the Rocky Mountains,

The radiccarbon dates from thesge early American sites on reliable
samples are actually too few to justily conclusions. However, the
consistency of them, as a whole, may well indicate what the future
has in store. Tn general, the oldest known remains, especially Ful-
som, appear to be about 10,000 years old (eg., No. 5358, 9883 £ 350
years). The age of another group of artifacts, Yuma arrowpoints,
has been subject to some controversy. Dates determined from loca-
tions in Wyoming (No. 302, 6876 £ 250), South Dukota (No. 454,
7715 + 740}, and elsewhere may well constitute proof, otherwise
lacking clarity, that Yuma is younger than Folsom. In any case, the
suggested sequence is in good agreement with facts available even
though these lack precision.

The age of the Cochise culture which was distributed over the
Southwest (Nos. 511, 515, 518, 519, 556) is acceptable even though it
requires revision of some not-too-well-documented contentions that
Caochise is older than Folsom. In Nevada the age of layers in the
Leonard Rock Shelter, ranging from BG660 £ 300 years (No. 281) to
5737 4= 250 years (No. 554) (cf. also No. 298), does no violence to
present estimates, except that the accepted date for No. 554 (5737 4
A50) may indicate that the Altithermal period in this region began
closer to 4000 B.c. than to 5000 8.c., as formerly catimated. The crup-
tion of Mount Mazama in Oregon was an event of major importance,
and the ash layer it produced has become a chronelogical landmark
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used by a number of fields. Previous estimates, including revisions by
several investigators In ag many fields, of the time when this took
place have ranged from 4000 to 15,000 years. If the radiocarbon
date, 6453 £ 250 (No. 247), is substantiated by additional measure-
ments, chronologies for the region can be corrected and correlated.,

The age of a recent discovery, Tepexpdn Man, in the vallcy of
Mexico is presumed to be about 11,003 + 500 years by the excn-
vator, His conclusion is based on the determination of the age of the
peat deposit associated with the skeleton (No. 205). However, the
available archeological and geological information, altheugh sufii-
cient to justify attempis at dating, is not definitive in all details. To
some extent this is borme out by comparing Nos. 205 and 204, The
latter, & picoe of wood from the same deposit, is “older than 16,000
years." Undoubtedly Tepexpin Man is an “Early Man,” but, before
his exact place in the scheme of things can be accepted with con-
fidence, additional dates and more definite data must be secured.

Lack of opportunity has prevented extensive search for older oc-
cupations in Sputh America. However, samples from caves in Chila
in the neighborhood of the Straits of Magellan were measured. Here
suggestion of possible human occupation some S000 years age may
be made, OF even greater significance is the tenuous support of o
hypothesis that similar geclogical and cimatic developments were
synchronous with those of Europe and North America,

A detailed discussion of (he items listed above and the inclusion
of & pumber of dates which have Leen omitted here would pose
questions concerning some of the radiecarbon results, A few dates
are obwviously in error, but in almost every case there are possibilitics
of eontamination or uncertainties concerning identification. For ex-
ample, the record of the material from Medicine Creek, Nebraska
(Nos. 65, 1084, 470), is equivecal, OF greater interest are questions
concerning lapses of time. For example, the dates indicate the some-
what startling possibility that a type of Yuma point may have been
made armd used over & peried of some 3000 years, Similardy the Co-
chise culture appears to have flourished without great change for
some 4000 years. These are simple hunting and gathering cultures
of & type which does not change rapidly, However, in shortening the
whole time span of human eecupation in North America, as the ra-
dioprarhen method has done, and indicating that some cultures did
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nat hecome modified over such lengths of time, it becomes necessary
to assume that in later times the rate of cultural development
speeded up more rapidly than is generally believed. Nothing pre-
vents such an assumption, of course, but many more chronological
data documenting the earlier and later periods are necessary belore
the process may be fully understood.

The consistency in the archealogical and peological dates iz of
congiderable interest and significance. In one way or another and
with varying degrees of reliability, the chronology of Early Man in
North America is tiod to the Mankato glaciation. The advance of the
ice oecurred about 11,000 vears ago, a date which is derived from
measurements on five samples taken from the Two Creeks forest bed
in Wisconsin (Nos. 308, 365, 366, 536, 537). Previously this maxi-
mutn sdvance had been assumed to date from about 25,000 years
apga. The occupation we have been discussing took place subsequent
to the advance, and the new dates indicate a shorter span of time
Letween the occupation by Early Man and the later peoples. This
revising wpward of these dates may indicate that geological develop-
menks wire speedier than formerly supposed. Also this increases the
pussibility that some migration routes in North America were lo-
cated very near the ice front. This revision partially closes a gap be-
tween the alder and younger cultures which has sorely puzzled ar-
cheologists for some fifteen years. An additional idea finds its origin
in the dates. The materials from Oregon, Nevada, California, New
Mexivo, Texas, and perhaps Mexico and South America appear to
have existed during a hroad period new some 10,000 years old.
Even at that time, different culture patterns were present. If the
Indians of North America had a single origin, we can postulate that
it was earlicr, that is, during the Interstadial period or before. Tl not,
the implication that culture change was slow leade to a number
of somewhat tenuous working hypotheses such as: a single migra-
tion route into the continent was crowded with people bearing o
curfous mixture of culture traits; cardy diversion of peoples from a
single source, say, the Rering Strait region, into several subsidiary
routes led to the rise of different cultures; the possibility of several
major routes of migration into the continent in what is believed to
b very early times,

It is recognized that, barring undetected laboratary errore, satiz-



{LE] RADIOCARBON DATING

factory measurement of an uncontaminated sample poses no problem
5 far as the method itself is concerned, The interpretation of the re-
sults is a different matter; it involves queations of judgment, espe-
cially at the present stage. It has not yet been possible to devise a
means of fully determining the validity of & sample, that is, whether
or not the materials are what they are believed to be and whether
they may be used for dating or for any other purpose. When a few
dates correlate satisfactorily with other estimates of age, the con-
clusion that they are valid naturally is quickly formed, and con-
sideration of possibilitics of error is neglected. When one or two
dates in an otherwise satisfactory series are out of line with present
idens, there is panse for thought. OF even greater concern are con-
tradictory dates, There s no way at the moment to prove whether
the valid dates, the “invalid ones,” or the “present ideas™ are in
error. Under other circumstunces more rigorous statistical tests
would help select the more accurate groups, However, the two sys-
tems of dating are based on rather different principles, and so it
seenis that confidence in the final results can depend only upon a
miuch more extengive correlation of additional series of measure-
ments. Until the number of measurements can be increased to a
point permitting some explanetion of contradictions with other ap-
parently trustworthy data, it is necessary to continue to form judg-
ments concerning validity by a comhbination of all available informa-
tion.

Tor. Libhy has been able to remove from some samples much radio-
active carbon 14 which was not contemperaneous with the samples.
It is cerlainly gratuitous to suggest here thal more investigation of
the whole complicated problem of contamination will probably aid
materially in the development of the method. There are other fac-
tors in connection with the samples; for example, the manner of caol-
lection iz of prime importance. [t is necessary to attend to slightly
different detwils than has been customary in archeology and, pre-
sumably, in geological work, Observations on specimens in excava-
tions have varied, and always will vary, with’ the circumstances,
However, samples intended for radiocarbon measurement must often
be recorded more aceurately than has been necessary heretolore,
Unless this is done, the results of measurements are confusing, some-



DATES FOR ARCIHEOLOGY AND GEOLOGY oy

times in the extreme. One example of such confusion arse during
the present research through initial lack of knowledge or understand-
ing by archeologistz of the many insidious gources of contamination
and of the cffect poorly recorded samples would have upon the re-
sults. The committes hoped that some cross-checking of dates and
ather information would add weight to important hypotheses con-
cerning the age and distribution of the Adena and Hopewell cultures,
which are spread throughout the Mississippl Valley and ecast along
parts of the Atlantic Coast.

The Hopewell-Adena problem has not heen satisfactorily solved
by archeclogists. Howewer, there is gencral agreement amaong
workers that available evidence proves beyond reasonable doubt
that Adena preceded Hopewell, Dates on nine samples (Mes, 126, 136,
137, 139, 143, 150, 151, 214} directly contradict this evidence. Fur-
thermore, the dates suggest distributions of these cultures over peri-
ads of time and in & manner which, if true, requires an almost com-
plete revision of archeological concepts of recent human develop-
ments in castern North America. [t is entirely possible that o new
and accurate method of measuring time can very well do this, How-
ever, it cannot he done to the extent of reversing a number of well-
substantiated stratifications. At the moment, the Hopewell and Ade-
na dates appear to do this. As we look at these dates, however, it
seems possible that one or two may be valid archeclogically. That
is, Hopewell may well be older or Adena younger than inferences
from relative archeological sequences suggest. However, it seems
certain that both these possibilities cannot be true.

An inspection of the record reveals much of the cause of the pres-
ent trouble, Three of the samples were collected in 1891 ; their his-
tory since then is not known. There is some question concerning the
provenience of three other samples and their history since collection
in the early 1930%, The remaining three samples appear to be de-
pendable, hut, unfortunately, ¢ven these contradict the idea that
Adena is older than Hopewell. On the basis of these three dates, one
may postulate anoverlap in the period of occupation of the sites
from which these three samples came, but this requires that the
places were coexistent during a period of about 1000 years. Available
data do not support such an assumption, At present there is no clue
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to the source of these dizgagreements, The discordant note caused by
the measurement of these samples is indecd unfortunaete, particu-
larly at this stage. Actually the unsuitable nature of most of these
samples renders valid judgment of the results impossible,

The rise and fall of civilizations in Peru have long been of major
interest to Americanists, who have revised or amended ideas con-
cerning chronology as rapidly as excavations produced appropriate
date. A long sequence beginning with rather well-advanced hunting
cultures, and cnding in the mid-sixteenth century with the climax of
the Spanish conquest, is best known [rom the northern coast of
P'eru. The earlier, and zections of the later, parts of the sequence
were clarified considerably by recent excavations in the Virg Valley.
Exeavations in ruins of large cities and mounds of delris from human
oceupations have made it possible to describe periods when the pre-
historic people emphasized different interests and abilities during
their long history. One way this has been expressed by archeologists
is by naming levels in a stratigraphic column beginning with Hunters
andl continuing upward with Early Farmers, Cultists, Experiment-
ers, Master-Craftsmen, Expansionists, City Builders, and Imperial-
ists, F'rom characteristics of the streata, it has been inferred that
these periods [nsted diferent lengths of time. The determination of
the actual number of years for each one of these periods is an impor-
tant but difficult and complicated problem, for points in a time scale
have to be inferred from observations upon the size and extent of
strate, the origin and development of ideas by the prehistoric
peoples, the distribution of cultural features, at least throughout the
Andean region, ete. Just previous to the radiocarbon measurement
of same twenty samples from South America, a rather new estimated
time scale had been generally accepted, even though o number of
puints en this were, and still are, being actively debated. Some of the
radiocarbon measurements agree with these estimates rather well,
lut others, particularly the later ones, are believed by some to be
apen to serious question. In spite of these doubts, and in view of the
luck of precision of the comparative date, the dates are surprisingly
comsistent. Regardless of archeological problems, of a series of cight
dates, “five out of eight fall within one sigma and the other three
within two sigma. Two of these are barely out of the one sigma range.
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None falls outside of two sigma. This result is very close to the sta-
tistically expectable one,'

‘These dates have been the subject of extensive analysis by Junius
Bird,? who has compared the dates within the range of 1o in an at-
tempt to equate the most probable figures with the known stratig-
raphy. This procedure indicates, if nothing else, that in some cases
longer counting periods are essential, and probably additional
samples from a single layer in & mound will have to be measured in
order to reduce the error appreciahly so that the results may e
comparable in detail Lo meticulously recorded information from the
stratification. Study of Bird's remarks is recommended. Tn the mean-
time, and to {llustrate an example of one kind of situation, we may
lock at two dates, the means of which are not in harmony with the
posilions of the samples. Number 313 (4257 £ 250 years) lay be-
lew No. 316 (4380 £ 2700, being scparated from it by 1.45 meters of
ash and occupational debris. This debris must have accumulated
slowly, but there is no way of estimating the time involved cxeopt
to make what is believed to be a conservative guess that it was built
up in something over a century., This gure is partially supported
but mot at all substantiated by comparisons of other dates, To ar-
rive at possible spans of time, in which the age of the samples may
actually helocated, comparison with various other samples locates the
ape of No. 313 hetween years 4507 and 4210 and No, 316 between
4407 and 4110, Number 598 appears to suppaort the date of No. 313,
and 5o it seems moat likely that the date for No. 316 may fall in the
upper portion of its range, that is, perhaps between 4157 and 4110,
Such a manner of fguring will arouse the irc of the statistically
minded. However, if the dangers of such procedure are fully recog-
nized, it becomes possible to adapt the results of radiocarbon meas-
urement to an archeological problem hased upon adequate strati-
graphic information, In thiscase, for example, the series Is sufficiently
large, and it is closely tied to a particularly detailed stratification.
The manipulation of the figures provides a better-founded estimate
of two dates than was previously possible.

1. Radiocarbor Datieg (*Baciery for Amerdean Archaeolagy Memair," Na, 8[1951]),
I 4T,

L Ibid., pp. 3749,
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Probilems similar to those encountered by archeologists wore com-
man in gealopy and palynelogy. Aside from errors which cannect be
explained as yet, the fixing of samples in stratifications is sometimes
attended by doubts leading to questions concerning the validity of
the dates relative to a geochronological time scale. Nevertheless, the
results are consistent in themselves, and, upon justifiahle adjust-
ment of previous estimates, they agroe with opinions rather gener-
ally held.

As a rule, strictly geological dates have a much greater “probable
error” than archealogical ones. Because of this, only their internal
consistency can be used in judging the accuracy of the results. On
the other hand, the radiocarbon measurements seem to check and
expand upon present geochronological time scales. Through the
study of the pollen in numersus levels identified in part by geo-
logical and archealogical means, a serics of postglacial periods or
“zones” have been described. Although the dates sometimes assigned
1o some of these zones arc often tenuous inferences, evidence of the
validity of the relative chronology is accumulating. This kind of cx-
tremely painstuking research btgan in Europe, and the results in
the Old World are more extensive than in the New, However, in re-
cent years much progress has been made, especially in North Ameri-
ca, 5o that definitive, if incomplete, data exist for a number of regions,

As mentioned above, the Mankato maximum in Wisconsin was
probably attained about 11,000 years ago. *'Four samples from the
Allerod horizon in Germany, England and reland give an age aver-
aging about 10800 years ago. As this horizon (Zone IT of European
pollen stratigraphers) underlies solifluction deposits assigned to the
Fennoscandian glacial substuge, the essential agreement of the
dates implies that degluciation of northern Europe was contempera-
neous with that of North America.”?

Concerning the palynological seeies, Flint and Deevey make the
following cogent comments in an abstract of their report:

The meaning of & number of dates for post-Mankate-maximum events can
b assessed only in the light of the pollen chronclogy. As this chronalogy is o
relative ose, based on climatic changes and vegetational responses during
deglaciation, its calfbration will pequire mmples from many more becalitics.
Allnf the dutes are of the right order of magnitude, with a few exceptions where
it scems Iikely that the straligraphic position of the sample, and not the radio-

3, Flint and Deevey, “Radicarben Dating of Late-Tleistacene Events," Am. Sowr.
Sell, 248, I57-300 (1951}
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wrbon nge, has leen ineorrectly given. Most of the avallalle dates, unlori-
nately, represent isolnted determinatione that could be cither “right™ or
"wrong™ witheut nocessarily affecting conficence in the mvethod itself, The mast
imgrortant and intoresting results ane these:

The Peelglacial spread of furcsts, and of Mesolithic cultures adopted] to
forests, toak place in England sbout 9000 years ago, The time of attalnmeny of
the Bareal type of climate, Le. the time of the pine zone, differed apgaecialily
according to the lativude of the locality. The pine zone is about 9000 years old
in West Virginia, about B years ol in Connecticut, and about KK years
bl in Maine; it is aboutl RN years old in sputhern Minnesotn and about 7000
years old in northern Minnesota, The age of the thermal maximum (“climatic
optimum™) has not been precieely fixed, bat several samgdes from hogizons not
far from it give ages ranging from about G000 1o alwat 3000 years ago. In addi-
tion to pollen-dated peat amd gyttja feom Connecticul aml the British Tabe,
samples within this time range date the eruption of Mount Mazama in Oregon
aml bracket the Boylston Strect fishweir in Massachusetis*

This very brief discuzsion deals with ideas based on a considera-
tion of about half of the measurements which have been made by
Dir. Libhy and his associntes. More complete comment and explana-
tion are available in the two publications to which reference has
been made. The salient conclusion which may be reached is that the
initial experiment, if that is what it may be called, was successiul
from the archeslogical and geological point of view, There is great
promise that & valuable tool for the constructing of a chronology has
been developed. Its value rests not only upon measurements of dates
of events which have been impogsible to secure within a given range
of accuracy heretofore but also upon the institution of a chronologl-
cal scale world wide in scope, As inevitable refinements are made, the
course of events in all continents may be direetly compared. Onee
this becomes possible, the value and wsefulness of interpretations of
the significance of the events will be immeasurahly enhanced,

Inconzistencies in the rezults were Inevitable, and in specific in-
stances they lead to untenable conclusions, This is to be expected;
in fact, it is remarkable that more “erroneous dates” are not listed
in the results, Actually the dates in question pose problems nol only
for workers in radiocarbon lahorateries but particularly for collectors
of the samples. For a considerable time, improvement of the machine
Jdlsell will to o considerable degree depend upon the refinement of
methods of sample collection and recording and the revision of ar-
chealogical, peclogical, and palynological hypothesss involving
chronology.

4. Ihid., pp. 257-58,
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SPECIAL EQUIPMENT AND CHEMICALS FOR THE
CH SAMPLE PREPARATION APPARATUS

Tem
Vyeor combustion tubes; 25 mm. L1,
3 mm. (.10, 750 mm.

Tron tubes 30 inches, 13 (L0, 0.035 wall
Copper oxide; wire [orm

Hydrochloric acid, CP

Ammonin CP

Calelum chleride, dilbydmte, AR
Magnesium rnings, CP

Crelmiwm metal

Furnace tubes, alumdum ; dem, LI, ®inch
lengths ar lenger

Michrome wire, Nos. 20 and 28

Pryrex fritted disks; medivm; Ko, 39570-10

Drierite; mesh Mo, 4
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Bouarce
Corning Glass Works

Central Steel and Wire Company

Merck amd Company

Baker and Adamson Company

Baker and Adamson Company

Mallinckrodt Chemical Company

Merck and Comgsany

Kee i, Rergman (Institule for
the Study of Metals)

Norton Company

Lypiver-Harris Company
Sargent Company
Sargent Company
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SPECIAL MATERIALS FOR SUCREEN-

Tuemn

Unleacled brass tubing
{elirect from mill,
S51.70 per 100 Tb.)

Stainbess Steel

Capper (Commercial
Capper)
Palyethylene

Spoal copes-clad iron-

WALL COUNTER

Spurce Type
American Brass, 1327
West Washington
Ztreet, Chicage, Il
nis {Mr. Baker)
Stecl Sales 18-8; Type 304, 301

Chas. Hesley, Chicagn

Heal Senl Contuiner EAXIN gusseted;
Company, 323 West o Inchx250 {flat)
Randalph Street, Chi-
capm 6, Illincds, RAn-
dalph 60075 (Mr.

Crouder)

Sylvania Electric Comypuny

core wire, Nos. 28 (0.012)

and 30
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