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History 
The cosmic ray production of radiocarbon in matter 

is the basis of radiocarbon dating. It is made from 
the most abundant atom in air, nitrogen of mass four- 
teen. Radiocarbon-carbon-14 or l4C-1asts 5300 
years on the average (see Appendix on radioactive decay 
for explanation on “half-Iife” and “average-life”) be- 
fore reverting by radioactivo decay to nitrogen-14. 
During this time it enters all living things as well as 
sea water and air. Chemically, carbon dioxide is the 
food of life, and presumably the freshly produced 14C 

atom is oxidized sooner or later (probably in a few days, 
aIthough this time is not a t  all well known) to 14C02 
which is mixed with the ordinary carbon dioxide 
(0.03% in air) by the winds. 

The process which converts COz into plants-photo- 
synthesis- is the means whereby the radiocarbon is 
introduced into living beings. In  principle and in 
theory one couId understand that if organisms were 
to live off coal or oil, radiocarbon dating would not 
work for them. They would not be in touch with the 
cosmic rays through recent photosynthesis. The long 
time that coal or oil have bren underground ensures 
that the original radiocarbon in the plants which pro- 
duced them would long since have disappeared. 

Perhaps at this point we should stop and clearly 
state the basic principles of radiocarbon dating: (1) 
the cosmic rays make living things radioactive with 
I4C to a certain level fixed by the environment; ( 2 )  
at  death the intake of food stops, so no replenishment 
of the I4C steadily lost by the immutable radioactive 
decay can occur. The degree to which decay is ob- 
served to have occurred gives the time lapse since death 
(radiocarbon age). Thus 5730 years (the half-life of 
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14C) corresponds t.o a reductlion to 50% of the concentra- 
tion in living matt’er. 

The cosmic rays actually produce radiocarbon only 
indirectly. In the first step of the process they strike 
the nuclei in the air atoms and disintegrate them. 
Among the fragments are many strange, short-lived 
particles most of which transform almost immediat,ely 
into longer-lived entities. Radiocarbon is produced 
by t’he interaction of one of these secondary particles, 
the neutron, wit’h t’he nitrogen of the air. The neutron 
has been with us now since the early thirties and has 
come t o  be part of our daily life since it is the purveyor 
of atomic energy. Neutrons a t  high altitudes are 
found in the maze of general debris formed in the col- 
lisions of great cosmic-ray primaries with the nuclei 
of nitrogen or oxygen a.toms. 

The first clue to radiocarbon dating came in 1939 
when Professor Korff of New York University sent 
up neutron-sensitive detectors on balloons and found 
a positive response with a peak intensity a t  some 16-km 
altitude. These data, taken togct’her with the pre- 
viously demonstrated fact that the chief interaction 
of neutrons with air was to produce radiocarbon, was 
the first hint that radiocarbon dating might be feasible. 
However, World War I1 intervened and our quest 
which had gelled into theory during the 4 war years 
came t,o a test a t  the University of Chicago in 1945. 
The first move was to publish the general thought t,hat 
cosmic-ray-produced atoms could accumulate in the 
atmosphere. In  addition to 14C, tritium (radiohy- 
drogen of mass t’hree) and it’s stable daughter, 3He 
(which also probably is produced directly by the cosmic 
rays as well), mere cited. Then a st’renuous program 
to measure accurately the radiocarbon decay rate was 

(We know the average life of 5300 
years now to about 1 or 2yo, but a t  that time the un- 
certainty was much larger. One figure was ass large 
as 30,000 years!) However, our major objective was 
to search for nat’ural radiocarbon and thus to test 
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whether the whole theoretical fabric was false in some 
way. 

The theoretical structure was in a sense simple-the 
cosmic rays make radiocarbon atonis at  a steady rate 
of about two per square centimeter of area of the Earth 
per second and have been doing so for tens of millenia. 
Thus a t  present, there should be an equilibrium in- 
ventory in which about two radiocarbons revert t o  
nitrogen every second for each square centimeter of 
area. Therefore, we should find about 2 disintegra- 
tions per second for every 8 g of carbon in living beinga, 
or dissolved in sea water, or in the atmospheric COZ, 
for the total carbon in these three categories adds to 
8 [7.5 g/cm2 in the oceans, l,I8 g/cm2 in the air, ‘/.i 
g/cm2 in life forms: and perhaps g/cm2 in humus; 
some of these figures are not accurately proven, but 
since the ocean is the largest and is best known (5% 
error or better) the total is known to  about 1 0 ~ O ] .  
Thus we expected to find this concentration of radio- 
carbon in living matter, and the job was to test for it. 

Unfortunately at that time no instrument was SUE- 
ciently sensitive, so my colleague, Dr. E. C. Anderson, 
and I were stumped for the time, until we recalled that 
an old friend from World War I1 days had a carbon 
isotope separator with which he was making concen- 
trated 13C for isotope tracer work in cancer research. 
This expensive machine was operating at  Marcus Hook 
near Philadelphia, and we enlisted Dr. A. V. Grosse’s 
aid to enrich the natural I4C by some hundredfold in 
concentration so we then could detect the radioactive 
rays it gives in reverting t o  14K in our Geiger or meth- 
me-filled proportional counters. [A Geiger-Muller 
counter is a metal cylinder with a fine mire down its 
axis and is filled with a special gas mixture. A poten- 
tial is applied between the \Tire (positive) and the 
cylinder (negative) of 1-2 kT’ depending on the pressure 
and conipcsition of the gas. Under these conditions, 
uniformly sized voltage pulses are delivered whenever 
ionization (separation of one or more electrons from a 
neutral atom or molecule) occurs, even if i t  is only one 
event, i.e., one free electron and one positive ion. It  is 
one of the ?nost sensitive radiation detectors known. ] 

The I4C radiation makes about 1600 ion pairs on the 
average over a path length of about 2.5 cm in air. It 
is measured best in the counter gas itself since the ra- 
diation r d l  not easily traverse the counter wall nor 
escape efficiently from it. Hydrocarbons and carbon 
dioxide, which are the richest carbon-containing gases, 
will not serve in Geiger counters, but will serve in pro- 
portional counters. (Proportional counters operate 
below the voltage for the onset of the uniform pulse 
size required in Geiger counters and give pulses which 
are approximately proportional to the number of ions 
delivered by the particular ray being registered, thus 
qualifying for the term “proportional.” The voltage 
pulses are smaller and require more electronic aniplifi- 
cation.) 

Dr. Grosse’s equipment operated on methane (CHJ . 
Therefore we needed to find a source of “iive9’ methane, 
&e., methaneof recent origin. We found it in the gaseoua 

Figure 1. Screen wall counter, 

effluent of the sen-age disposal plant of the city of Balti- 
more. Methane (in natural gas) from oil wells would 
be completely devoid of 14C because its age is so great, 
but the seu-age gas methane should, of course, have i ta  
full complement of 14C. 

Dr. Grosse after obtaining the aewage methane pro- 
ceeded to enrich it to varying degrees (as meamred 
by the enrichment) and Dr. Anderson and I ex- 
citedly put the enriched methane in our proportional 
counter and recorded the counting rate. We used 
the heaviest shield we could assemble, since the counter 
mas responding in the main to laboratory radioactivity 
present in the building and equipment and to the cosmic 
radiation reaching the Earth’s surface at  Chicago. 
Strangely enough this whole thing worked and we did 
find about the anticipated I4C concentration as a small 
additional counting rate for the enriched methane, 
compared with the rate for unenriched methane or for 
petroleum natural gas methane. Further confirma- 
tion came when the carbon dioxide formed by burning 
the methane was found to be radioactive as well and 
to display a radiation with an average penetrating dis- 
tance equivalent to 2.5 C M  of air, just as had been 
found to be true for man-made radiocarbon, This was 
done by precipitating the carbon dioxide as solid cal- 
cium carbonate which then was spread as a thin layer 
to minimize self-absorption of the radiation. Thin 
aluminum foils were placed over the deposit and the 
decrease in count rate in a special screen wall counter 
u-as measured (see Figure 1) , (The special screen wall 
counter was necessary because the /3 radiation is of such 
low energy.) A layer of aluminum weighing some 2.5 
to 3 mg cm-2 was found t o  effect a 50% reduction just 
as is the case for synthetic reactor produced l4CS3 

The question of the rate of oxidation of the freshly 
made 14C atom in the high atmosphere remains, for 8,s 
said previously we really do not know this rate. The 
main part of the 14C is produced in the stratosphere- 
the top ZOY0 or so of the atmosphere lying above the 
cloud tops, We know now (although we only guessed 
it in 1945) that  the stratospheric air mixes downward 
with the lower air-the troposphere-only in a matter 
of years. This information has been gained from 
studies of the radioactive debris of nuclear explosions 

(3) E. C. Anderson, W. F. Libby, S. Weinhouse, A. F. Reid, A. D. 
Kirschenbaum, and A. W. Grosse, Science, 105, 576 (1947); A. B’. 
Grosse and W. F. Libby, ib id . ,  106, 88 (1947) ; E. C. Anderson, W. F. 
Libby, 8. Weinhouse, A. F. Reid, A. D. Kirschenbaum, and A. v. 
Grosse, Phys. Rev., 72,931 (1947). 



Vol. 5 ,  1972 DATING BY RADIOCARBON 291 

introduced into the stratosphere by the high rising 
fireballs. At the present time \!-e still are detecting 
such fallout from explosions in 1962. Thus we see 
that if the carbon atoms are oxidized in a ye.ar or two 
that is soon enough for our purposes in radiocarbon 
dating. It seems likely from laboratory experiments 
that the first step is the formation of carbon monoxide 
and that this occurs very rapidly. Following this is a 
slower oxidation of CO by oxygen, or possibly ozone, 
or by sunlight exciting the CO, or some other process. 
More research is needed on the details of this mecha- 
nism. 

However, t.here is a great saving grace-the 5300- 
year average life of radiocarbon. In this great span 
of time there is adequate opportunit>y for the COz to 
form, for the atmosphere to mix, for the oceans to 
mix, and for the biosphere to cycle many times, i.e., 
die, decay to COz, and be reborn in photosynthesis. 
This grand system is ~ont~inually stirred. Living mat- 
ter is a part of this unt'il death occurs and thus all 
living things have the same ratio of I4C to natural 
carbon. 

At death isolation from the life cycle occurs and the 
radiocarbon clock stmarts sticking. The isolation is 
complete. There remains only the relatively straight- 
forkyard problem of separating the ancient, matter to 
be dated from modern contamination. The fact that 
it is possible to do this "laundry" job so completely 
ranks with the near-constancy of the cosmic rays as 
one of the real breaks of good fortune in radiocarbon 
dating. 

The "laundry" of the dating materials is done by 
common sense and understanding. For example, 
charcoal is a favorite type of material for I4C dating 
since man is the only animal able to make fire. Char- 
coal is never attacked chemically. The first move 
wit'h a charcoal sample is to examine the mat'erial under 
a low-power magnifying glass and to remove with 
tweezers foreign materials such as plant rootlets. Then 
an acid wash is used to remove carbonates and this is 
followed by an alkaline v-ash to remove humic acids. 
Xormally this is adequat'e and the trea.tment' ends with 
a thorough dist,illed water washing before drying and 
burning to  give ca,rbon dioxide for proportional counters 
operating at  1-atm pressure and with about 5000-V 
potential drop, although some favor other methods, 
such as met'hane or acetylene proportional counters, 
or scintillation counters using liquid benzene synthe- 
sized from the purified sample. 

after 
we had found natural radiocarbon we had to face the 
fact that we could hardly expect Dr. Grosse to use his 
very expensive apparatus on all our dating samples 
which would most likely be very numerous. So we 
went to work on the problem of how to increase the 
sensitivity of detection of the lon--energy, short-ranged 
radioactive carbon radiation by two or three orders of 
magnitude. The task was commanding for the Grosse 
samples left no serious doubt a t  this point that natural 
radiocarbon did exist. The only question was whether 

The method of counting contains a story: 

we could use it,  and it was completely clear that if 
every time we wanted a radiocarbon date we had to  
isotopically enrich the sample, the cost would be pro- 
hibitive. Dr. Grosse had spent enough money on this 
Baltimore sewage sample to run many archaeological 
museums for a month! 

The natural counting rate for a Geiger or propor- 
tional counter is about 5 counts min-' cm-2 of cross- 
sectional area or 30 counts min-' in.-2. Thus, a counter 
15 cm in diameter and 60 cm in length would count a t  
the enormous rate of about 4300 counts min-l, whereas 
the expected radioca.rbon from 1 atm of carbon dioxide 
or methane filling the counter would be about 45 
counts min-' or about 1%! Furthermore, in order to  
make meaningful use for dating purposes this rate 
would have to be measured to better than 1 count 
min-1. 

We began our t a k  by making an analysis of t'he 
sources of the background radiation and found them 
to be many and varied. The material of which the 
counter itself was made-the metallic cylinder, the 
central mire, and the insulating end plugs-all could 
contain radioactive materials, such as uranium and 
thorium and their radioactive daughters, or potassium 
which is naturally radioactive. I n  addition, the labo- 
rat'ory floor, ceiling, and walls, t'he x-orkbench, and the 
electxonic equipment all were potential sources of pene- 
trating y radiation (very high energy X-ray-like radia- 
t,ion emitted by many radioactive substances in addi- 
tion to the U. (helium nuclei) and P (negative electron) 
particle radiations). 

The internal counter contaminants registered mainly 
the a and /? rays, whereas these would not be able to  
penetrate the counter wall. External sources contrib- 
uted t'o the counter background only through the 
more peneht ing  y rays [a typical y ray may require 
7 to  12 cm of mater or a corresponding mass of denser 
mat,erial to be absorbed to 50% intensity; a typical a ,  
about 0.005 cm; and a p, 0.065 em (I4C emit's a particu- 
larly soft /? and has a "half-thickness" of about 0.0025 
cm of wat,er or plastic or paper) 1. Thus, we knew that' : 
(a) we must build our counter of clean materials, (b) 
we must, shield the counter with clean nonradioact'ive 
mat'ter, preferably a few meters thick for light materials 
or about 30 cm thick for dense materials such as lead 
or iron. 

We tested several samples of metal tubing by clean- 
ing them carefully and building counters with them, 
using plastic end plugs to  avoid glass which contains 
potassium. Thus, we obtained what we thought was 
a clean counter, We next assembled some lead bricks, 
built ourselves a little house, and lined the inside wit'h 
iron plates about 2.5 cm thick to avoid radioactivity 
of the lead. The slagging operation in the iron metal- 
lurgy seemed to US to be a good way- of purifying iron 
from radioactive contamination, since most' natural 
radioactivities have a stronger reducing potential than 
iron. The cont'aminants should occur as oxides or 
silicates in the molten slag floating on the liquid iron. 
Placing our counter in t,his shield (which had a heavy 
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door on rails so TIC could close it) TW obtained a count- 
ing rate of 800 counts min-' for the counter described 
above! 

This was discouraging but not unexpected iincc we 
knew the coqmic rays mcrc able t o  penetrate many 
meters of rock. We took our apparatus to the cyclo- 
tron building and placc>d it underneath the iron magnet 
yoke which na5 3 meters thick and found about 600 
counts min-l. So it wa" clear that n e  either had to  
put our counter in a deep niirie or n e  had to do sonie- 
thing about these penetrating rays. The mater tablc 
in the city of Chicago is only two or thrcc meters bc1oTY 
the surface. so me u-ould have had to move our labora- 
tory by many miles t o  some abandoned minc inland. 

We nere on the point of doing jugt that Iyhen we had 
an idea which solved the problem. The cormic ray 
muon (the muon iq one of the traniitory particle3 pro- 
duced high in the atmosphere) has the ver- strange 
property that it does not react readily nith atomic 
nuclei. and yet ionizes matter easily. So it is not 
stopped by nuclear disintegration as are the primary 
cosmic rays. Thus, it is the culprit vliich has the 
great range and trips the counters deep in the atmo- 
sphere. This was the clue nhich ?homed u5 the way 
over our hurdle. If the muon moves in e 
straight lines, t h m  all n e  need do iq to surround our 
counter mith a laver of protecting counters set to s.lvitcli 
off the central counter containing the COz gas to be 
dated lvhenever the shield counters are activated. This 
is commonly called an anticoincidence arrangement. 
Since the radiocarbon radiation iq of too ion an cncrgy 
to pass through the counter xalls, it   ill not trip the 
shield countcrq. Therefore, the radiocarbon radiation 
will register on the dater countrr except duriiig that 
certain small fraction of the time Jqhen the dater 
counter will be deactivated by thr shield counter.. . 
This will constitute a loss factor nhich fortunately is 
small. By putting the bundlc inside the heavy shield 
the muon rates are ei~entially all that is left for the 
shield counter? to handle. The deactivation time need 
be only a fraction of a millirccond. so thc loss fraction 
is about 1% or less. 

Figurc 2 is a picture of the first appa- 
ratus and it was successful immediatclly. In  terins of 
the hypothetical counter (actually the prerent UCLh 
dater) the background now dropped from 600 to  13 
counts min-l. 

The nature of the remaining count? is not knonn at 
present. In 
our UCLA laboratory over the last 10 years or qo the 
background has decreased rather stradily from 13 don n 
to  something between 12 and 13, as though qome slow 
decay were involved. 

Having acquired a hufficicntly sensitive and practical 
technique, n e  went to  mrl i  to teqt the main a+ump- 
tion on which radiocarbon dating was based. This 
problem, thc natural distribution and concentration 
of radiocarbon. actually n as Dr. Andcrson's doctoral 
thesis project. He took n ood samples collected about 
the turn of the century from widcly disperqed places, 

We tried it. 

Thcg may be due t o  a number of effects. 

Figure 2. The first anticoincidence counter. 

as ne11 as seal meat and oil from Antarctica (thtx 
source mas Admiral Byrd's last expedition). All gavc 
the same result (6. Table I). Thir rerult itill btands. 
At the Sobel Symposium XI1 on Radiocarbon Dating 
held in Uppsala, 1970, ~ v e r a l  papers once again rc- 
affirmed Dr. Anderson's con~lusions.~ The mixirlg 
is excellent. 

The next step mas to  try the dating method. Dr. 
J. R. Arnold of Princeton joined us for thic tcit. FIc 
is a phyqical chemist, as are both Ilr. Anderson and I, 
but hiq father, a lawyer, maq an enthusiastic amateur 
archaeologist and this brought him to u5 in the proper 
mood. 

"Hon 
can you expect a museum keeper to give precious, 
invaluable material.. for you to destroj ?" Wc n orricd 
about this a great deal and finally decided there m-ai 
nothing for it but to  enlist the aid of rrcogriizcd ~ x -  
pwts to advise us and acquire the materials for u q .  So 
~e appealed to the American Archaeological Asqocia- 
tion and the Geological Society of  Amcrica to  givr us 
a committee of  experts, nhich tho- did. The chair- 
nian '\T as Frederick Johnson of the Peabod] -\lureurn 
at the Phillips Academy in Andover, and the other 
members n ere Froelich Rainey of the Philadclphia 
Museum a t  the Univeriity of Pennsylvania, Donald 
Collier of the Field _\luseum in Chicago, and Richard 
E'oster Flint. the geologist from Yale. Three archat.- 
ologists and one geologist-these gentlemen did it 
right. They immediately directed us to the Breasted 
Egyptian collection in the Oriental Inqtitute at the 
Univercity of Chicago and to  John Kilson, a senior 
professor in the Inititute. Through Profcsior Wlson 

Straight off n e  had to  face the question: 

(4) W. F. Libby, "SI1 Nobel Symposium. Ruminations on 
Radiocarbon \'miations and Absolute Chro-. 
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nology," 1. U. Ol son ,  Ed., Almqvist & Wiltsell, Stockholm, 1971. 

227 (1949). 
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Table I 
Activity of Terrestrial Biosphere Samples 

Geomag- Absolute specific 
netic activity,  

Source lati tude d min-1 g-1 

White spruce, Yukon 60 'N 14.84 i 0.30 

h'orwegian spruce, Sweden 55' N 15.37 i 0.54 
(Frederick Johnson) 

(Donald Collier, Chicago 
Natural History Museum) 

Elm wood, Chicago (author) 53' N 14.72 i 0.54 
F r a x i m u s  e elsior, Switzerland 49'h '  15.16 i 0.30 

Honeysuckle leaves, Oak Ridge, 47' N 14.60 f 0.30 
(Donald Collier) 

Tennessee (C. H.  Perry, 
Clinton Laboratory) 

Mount Wheeler, N. &I. 
(Robert Fryxell) 

North African briar 40' N 14.47 i 0.44 
(John Hudson Moore, Inc.) 

Oak, Sherafut, Palestine 34" N 15.19 i 0.40 
(Donald Collier) 

Unidentified wood, Teheran, Iran 28' N 15.57 i 0.34 
(M. Hessaby) 

F r a x i m u s  mandshur ica ,  Japan 26' h' 14.84 f 0.30 
(Donald Collier) 

Unidentified wood, Panama 20'K 15.94 i 0 . 5 1  
(John Simpson) 

Chlorophora excelsa, Liberia 11' N 15.08 i 0.34 
(Donald Collier) 

Sterculia excelsa, Copacabana, Bolivia l o  N 15.47 Z!.Z 0.50 
(9000 f t  alt) (Donald Collier) 

Ironwood, Majuro, Marshall Islands 0' 14.53 rfr: 0.60  
(Donald Collier) 

Unidentified wood, Ceylon 2 ' s  15.29 f 0.67 
(Donald Collier) 

Beech wood ("Nothafagus") ,  4 5 ' s  15.37 i 0.49  
Tiera del Fuego 

Eucalyptus, New Youth Wales, 4 5 ' s  16.31 i 0.43  
Australia (Donald Collier) 

Seal oil from seal meat from 65' S 15.69 =t 0.30 
iintarctic (Byrd Expedition 
through H. J. Deason) 

Pine twigs and needles (3650 m alt.), 44' N 15.82 i 0.47  

Average - 15.3  i O . l a  

to 0.5. 
a Error of calibration of counter raises error on absolute assay 

we obtained precious materials from the earliest pyr- 
amids and proceeded to burn and date them. (About 
30 g of material was used in each measurement.) 

The agreement obtained was well within our count- 
ing uncertainty of a few centuries (1% in the count 
is 83 years in the radiocarbon age, since the average life 
is 8300 years).6 So we began, and now 20 years later 
with perhaps 30,000 dates and some 70 dating laborato- 
ries we can take a reviewing look at the method. 

One additional point in the story-we actually used 
carbon black and the screen wall counter instead of 
the present carbon dioxide proportional counter, so 
vie had to be extremely careful of contamination of the 
highly absorbent carbon black (obtained by reacting 
the Cog from the combustion with hot metallic mag- 
nesium). This nearly derailed us because the errors 
and uncertainties could be substantial. The carbon 

(6) J. R. Arnold and W. F. Libby, Science, 110, 678 (1949). 
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black had a tendency to retain magnesium oxide in a 
strangely adherent way which protected it from the 
hydrochloric acid leach applied routinely after the 
magnesium treatment. This ash correction was large. 
As a final step we mounted the carbon black on the 
inside of the screen wall counter wall by moistening 
i t  with ethyl alcohol to make a slurry, which then was 
dried in a stream of warm air. However, a certain 
amount of the alcohol usually remained on the highly 
absorbent carbon black, and this contributed an error 
due to the counts in the grain alcohol used. Only 
one other laboratory (New Zealand, Dr. G. Fergusson) 
ever used the black carbon method, and we gave i t  
up with great relief when it was shown (Fergusson in 
New Zealand and de Vries in Holland) that COz 
proportional counting worked well. By that time, 
however, we had laboriously processed several hundred 
samples. Incidentally, M-e still have the carbon blacks 
for most of these early measurements in case anyone 
would like to check the dates. 

Retrospect and Prospects 
The long experience with radiocarbon dating has 

taught us two things: on simultaneity it apparently 
is reliable, but on absolute dates it can be incorrect by 
as much as 600 or 700 years. The peak of the deviation 
occurs some 7000 years ago. The simultaneity prin- 
ciple states that two samples taken from any place in 
the world for any past epoch will give the same date. 
This, of course, follows from the principle of good mix- 
ing described previously, Le.,  Dr. Anderson's result 
that the same concentration of 14C in natural radio- 
carbon is found all over the world and in different life 
forms. 

The bristlecone pine tree ring chronology of Fer- 
gusson and Bannister4 has made possible the determi- 
nation of the extent of the deviations of the radiocarbon 
dates by Suess, Ralph, and Damon4 back to some 7500 
years ago. The dates appear to  start falling slightly 
too young about 3000 years ago and continue deviating 
in that senSe until what may be the peak deviation of 
some 700 years is reached about 5000 years ago. The 
deviation then appears to level off. There is some 
evidence of a decrease in the variation back toward 
agreement a t  10,000 to 11,000 years. This evidence 
is from the Swedish varve chronology, according to 
Tauber and othersa4 I n  addition to the broad general 
sweep of the main deviation there appears to be a 
short-term fine structure of somewhat erratic nature, 
according to Sues4  (cf. Figure 3). 

The speculation at  the moment is that the main 
deviation is due to a weakening of the Earth's magnetic 
field observed by Bucha and others4 according to the 
principle pointed out by Elsasser long ago. The fine 
structure is then due to variations in the intensity of 
the solar wind which fends off the cosmic ray. The 
Earth's field normally deflects about kalf the cosmic 
rays, so weakening of the magnetic field could cause 
the observed effect. A third possiblility is that solar 
cosmic rays also play a role, It appears to be unlikely 
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Figure 3. Empirical correlation between conventional radio- 
carbon ages based on ri568-year half-life and bristlecone pine 
tree-ring ages after Suese. 

that the intensity of the galactic cosmic rays varies, 
since the radioactivities found in meteorites seem to  
agree only with the assumption of constancy, i e . ,  the 
long-lived and shorter-lived radioactivities occur in 
intensities hf-hich fit' only this assumption. Unfor- 
tunat'ely t'he accuracy with which this assertion can 
be made is limited due t o  the paucity of data. h bene- 
fit for radiocarbon dating has been gained here from 
the Moon samples. Their large size and freshness 
allow more accurate measurement of the intensities 
of the radioactivities induced by the cosmic rays in 
the surface rocks. High-energy protons from acceler- 
ators are used to  calibrate for the relative efficiencies 
of production of the various radioactive atoms. 

The question of the solar prot'on contributions re- 
mains somen-hat open at the moment8. Counters on 
space probes seem t'o say that there must be some 
such contributicn, but the energy spectrum and the 
int'ensity remain uncertain. The Earth's magnetic 
shield is so strong that it may be difficult' for these 
realtively low-energy cosmic rays to play a role. 

The argument for the finely structured deviations 
being due to  some solar cause is persuasive, but just 
how the effects occur is less clear, and further work is 
necessary. It may be anticipated that when these 
points are settled the information may prove to be of 
value to astrophysics. 

The main effort now under way is the bristlecone 
pine program of Fergusson, Suess, and D a m ~ n , ~  but 
the work of Stuiver4 on lake sediments is very promis- 
ing as well. His results seem to agree wit'h the bristle- 
cone curve in many respect's, but they do not seem to 
agree with the &yedish varve results in the older pe- 
riods beyond 7500 years ago. Since the method is 
questionable (the counting of annual layers of sedi- 
ment and the association cf organic matter in a par- 
t'icular layer with that layer), as is true also of the Swed- 
ish varve method in some respects, w e  are left uncertain 
about the course of the curve prior to 7500 years ago. 
So we are driven back to the bristlecone pine method 
t o  extend the chronology bacliward to  glacial times 
about 11,000 years ago. 

Fergusson reportq finding a piece of wood in the 
White Mountain (California) area TX hich radiocarbon 
dates a t  about 9000 years. So, presumably, if an over- 
lapping piece or pieces can be found there, the chro- 
nology could be extended from the prevnt 7500-year 
limit in the Ji'hite 3Iountain area back to 9000. A 
second area near Ely (Sevada) has a bristlecone chro- 
nology reaching back to about 5000 years. There are 
several bristlecone standb n hich have not been dated 
dendrochronologically, but it would seem that they offer 
some additional hope for future iiorli. Every effort 
qhould be made to  preserve the ancient wood on the 
ground in these forests, for they are of prime scientific 
value possibly embodying our main opportunity to 
check radiocarbon dates back to 10,000 year>. 

The principle of simultaneity means that radio- 
carbon dates are the same at any givcn epoch over 
the entire Earth, so a calibration a t  any one locality 
iq equivalent to  a TT orld-wide calibration. 

The corrections to the radiocarbon dates arc of funda- 
mental interest to geophysicists and actrophyqicists. 
The source of the Earth's magnetic ficld rcmaini un- 
knon n, although evidence accumulate> yuggcsting that 
it iq related to the metallic nature of the Earth's in- 
terior and the Earth's rotation. T'cnus has no mag- 
netic field and is of about the same size as the  Earth; 
it presumably has a metallic interior but does not 
rotate: 241 Earth days to  a Venusian day. Mars 
also has no magnetic field, iz much qmaller, and may 
have no metallic interior even though it rotatcz at 
about the same rate as the Earth. The I\Ioon 1s smaller 
dill. Kone of these bodies has a magnetic held. Ju- 
piter, on the other hand. has a very strong field-about 
fifty time. stronger than the Earth-and it rotate? 
more rapidly, 10 hr, and is larger than the Earth. 

Thus, the evidence seems to  indicate that the overall 
strength of the Earth'q magnetic ficld decrcaicd sub- 
qtantially perhap.. 7000 or SO00 jear- ago, and then 
sub3equently renen ed its intensity about 5000 yc'ar. 
ago. It is only the overall ctrcngth that mattwq, sincci 
world-n-ide mixing iy so efficient. A mere zhift of 
direction (m hich is well linon n to havc occurrcld in hii- 
toric times) would not be recorded by radiocarbon 

On a longer time wale--millions of ycarq-it ha\ boon 
discovered that complete reversal of the direction actu- 
ally occurs repeatedly. These very ancient data icem 
to give little evidence about overall inteniity. Hon- 
ever, it  is natural to suppose that the fact of rcvcr\al 
at least suggests the poqsibility of intensity variation. 

The aqtrophpiciqts expect to  learn about the con- 
stancy of solar activity over the last 40 rnillema a i  more 
w x k  is done on radiocarbon dating. They alio can 
expect strict limits to be i c t  on the intcnsitic= of past 
super novae bursts qince thrie could have. givcn y-ray 
bursts which vould have given short-termed peaks (of 
the order of 50 years wide) in the deviation curw of 
Lingenfelter. 

A qhort-termed perturbation a. n e havc had recently 
in the atmocpheric nuclcar explosioni TI hich havc 
raised the content of the atmosphere and bioiphcrc 
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Figure 4 .  

by about 50% lasts about 50 years before mixing with 
the ocean occurs and gives a dilution of some 30-fold 
(Figure 4). Thus radiocarbon is particularly sensitive 
to short-term perturbations, but the method requires 
samples from the particular years involved. Thus, 
it  has been shown, by measuring wood from tree rings 
in the years following that the Siberian meteorite of 
1908 could not have contained antimatter (Cowan, 
Atluri, and Libby, 1965).’ Had it contained anti- 
matter in the amount needed to cause the large explo- 
sion observed, it would have produced neutrons (and 
thus 14C) in about the same amount as the tests of 
1962 which gave about 100% increase in the biospheric 
concentration of I4C. 

The correction curve itself is primarily of interest to 
historians and archaeologists. With it we now can 
say that the Egyptian chronology currently accepted 
probably is nearly correct. Further work is needed to 
clarify detailed points and the possibilities of substantial 
clarification of the history of the first dynasties appear 
to be good. The opportunities for predynastic Egypt 
extending back into the palaeolithic seem to be very 
substantial (Save-Soderbergh and Wentdorf) , 4  

In  Europe the main new result seems to be a redating 
of the N e ~ l i t h i c , ~  at about 2 millenia older than pre- 
viously believed, although further work is needed. 

I n  the Americas it has given a quantitative chro- 
nology with relatively few surprises, except for the con- 
tinued search to firmly establish preglacial man. A 
great deal of information about the history of the cli- 
mate has been obtained (c f . ,  for example, Wells and 
Berger) 

Half-life ( ( I / * )  us.  averagelife (7). 

(7) C. Cowan, C. R. Atluri, and W. F. Libby, Nature (London), 
206,861 (1965). 

Earth scientists are interested in the curve itself 
for dating vertical earth movements and the eustatic 
rise of the seas following the last glacial peroid. Cli- 
matologists use radiocarbon dates to establish climatic 
changes on a world-wide basis. 

The method itself has been improved in several re- 
spects. It now is possible to date bone using the small 
protein content. The prospects for developing a re- 
liable method for shell samples appear to be brighter 
(Wentdorf4). 

The study of the nuclear test radiocarbon and its 
rate of movement into the sea promises to give de- 
tailed understanding of the mechanism and the rate 
of uptake of CO, from the air by the sea-a matter 
of concern as the rate of burning of coal and oil con- 
tinues to increase. It also will allox more quantitative 
evaluations of the fine structure in the deviation curve. 
A somewhat unexpected result that  the rate may be 
controlled by an enzyme has recently been obtained 
(Berger and Libby) by studying subsurface sea water 
(60 m deep) and finding that it equilibrates more 
rapidly with atmospheric Cot than does surface water 
(Santa JIonica, Calif., beach) and that the surface 
water can be brought into agreement by addition of 
the enzyme carbonic anhydrase in a few parts per 
million. 

A general early treatment of the method is availablelo 
and the dates themselves are published in R a d i o c a r b o n .  

Appendix. Half=Life and Average Life 

where e is the Naperian base and tl,, and 7 are the half- 
Iife and average life, respectively. If you average 
the life you obtain 7 .  For instance 

lm ZTt”tdt = 7 

The law of radioactive decay is 2- t ’ t ’2  or 

tdt tdt = e( t / t~ /?)1n2 s,; 2 - t / t l , ?  Lrn 
So 7 = t l  /In 2 .  
cally. 

Figure 4 shom this loss mathrmati- 

(8) P. V. Wells and R Berger, Science, 155, 1640 (1967). 
(9) R Berger and W. F. Libby, ibid. ,  164, 1395 (1969). 
(10) W. F. Libby, “Radiocarbon Dating,” 2nd ed, University of 
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