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  Appendix: Radiocarbon Dating


  THE FORMATION AND PROPERTIES OF RADIOCARBON


  Cosmic rays are radiation of very high energy reaching the earth from outer space. On arrival they strike some of the atoms of the air, notably nitrogen and oxygen, breaking these into tiny fragments, one of which is the neutron, itself one of the fundamental building bricks from which atoms are made. Balloon research shows such disintegrations to be most frequent at an altitude of about sixteen kilometres.


  Radiocarbon is produced when a neutron collides with the nucleus of a nitrogen atom. (The nitrogen nucleus has the mass and charge equivalent to seven protons plus seven neutrons. The addition of a neutron leads to a nucleus of radiocarbon – carbon-14 – with six protons plus eight neutrons, and the loss of a proton.) Like nitrogen, it has an atomic weight of 14, but the properties, in chemical reactions, of carbon. The common, stable isotope, carbon-12, has an atomic weight of 12. There is also a further stable isotope, carbon-13, which forms almost one per cent of the carbon in the atmosphere, carbon-12 constituting the other 99 per cent. The proportion of carbon-14 in the atmosphere, formed in the manner described, is exceedingly small: one part for every 0·8 million million parts of carbon-12 (1 in 8 x 1011).


  This, then, is the process which is going on all the time in the atmosphere. Cosmic rays produce radiocarbon atoms at a steady rate of two per square centimetre of area of the earth’s surface per second. The radiocarbon, as we have seen, combines with oxygen to give carbon dioxide and in this gaseous form is widely distributed in the atmosphere and dissolved in the oceans. It is assimilated also into living things in the same small proportion, since it behaves chemically in the same way as carbon-12. Only in a very few cases do the different atomic weights make any change in this constant proportion. When deviations from this proportion are observed, isotopic fractionation is said to have occurred.


  Radiocarbon decays spontaneously, and after the death of the organism no more is taken into it. In the decay process a beta particle or electron – a particle of negative charge and negligible weight – is emitted, and the nucleus reverts to nitrogen. (The loss of negative charge from the electron shell is equivalent to the conversion of a neutron to a proton in the nucleus, thus leaving us with seven protons and seven neutrons. The atomic weight is unchanged [at 14], and the atom now behaves chemically as an atom of nitrogen.)


  This decay process itself allows the remaining radiocarbon in the sample to be detected and estimated, since the intensity of beta radiation produced is dependent on the amount of carbon-14 present. The more atoms of carbon-14 there are, the more disintegrations will occur in a given time, giving off the electrons whose emission is detected in the laboratory.


  A surprising feature of all radioactive decay processes is that, whatever the element concerned, they take place in the same, very regular way. The decay proceeds exponentially. That is to say, however much or little of the radioactive isotope one starts with, after a certain length of time which is an absolute constant for the isotope in question, half will have disintegrated radioactively, and half will be left in the original, radioactive form. This time interval is known as the half-life, the length of time required for one half of the given sample to undergo radioactive decay (Figure 56). After two half-lives, half of the remainder (i.e. one quarter of the original quantity) will be left in the radioactive form; after three half-lives, one half of that – i.e. one eighth of the original quantity; and so on. Even after ten half-lives have elapsed there will still be some of the radioactive isotope left: the original amount × 2-10, or one part in 1,024 of the original amount. The half-life of radiocarbon was originally determined by Libby as 5,568 years.


  This regularity is crucial to the radiocarbon dating method. If, for example, measurement of the radioactivity in a sample shows it to be one quarter of that in a modern sample, we can set the age of the sample at two half-lives (2 × 5568 = about 11,150 years). This is the time elapsed since the death of the organism, when it stopped taking up radiocarbon, together with carbon-12, as food.
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  Figure 56. Half-life decay. The graph shows the decline through time in the quantity of radiocarbon in a buried sample. Io is the initial concentration, T the half-life. After one half-life, the concentration falls to half its initial value.


  The exponential decay pattern also sets a limit on the age of samples which can be dated by this method. At an age of 70,000 years, samples have so little radioactivity left that they can scarcely be measured by present techniques. For earlier dates than this the method is not useful.


  The regular decay rate of radiocarbon thus permits the calculation of the age of samples when their present remaining radioactivity has been measured. The application of the regularity to prehistoric chronology, by means of the radiocarbon method, is one of the most elegant contributions made by the natural sciences to archaeology.


  THE LABORATORY DETERMINATION OF RADIOCARBON


  The laboratory determination of the radioactivity of the samples to be dated is a delicate matter. The amount of radiation to be measured is very small, even with a modern sample, so that very sensitive detection methods are needed. Moreover the task is greatly complicated by the background radiation always present in the laboratory. Part of this comes from the presence of small quantities of radioactive isotopes in metal and other materials, and this can be eliminated by using ‘clean’ materials. More troublesome is the cosmic radiation which has successfully penetrated the earth’s atmosphere and reached the earth’s surface. The radioactivity which has to be measured in a typical carbon sample is of the order of 50 counts per minute. Yet the radiation level in the laboratory, unless special precautions are taken, is of the order of 800 counts per minute. So the effects to be measured, namely the radioactivity in the sample itself, risk being swamped completely by all the extraneous ‘noise’ of this background radiation. Even with heavy shielding of lead around the counter, the background radiation still amounts to some 600 counts per minute.


  Libby and his associates were all set to transfer their entire laboratory to the bottom of a deep mine, where cosmic radiation would hardly penetrate, when they hit on the solution: the anti-coincidence counter. The sample to be dated, in its own counter, is set in the middle of a ring of further counters. The passage of each electron from a disintegrating carbon-14 atom in the sample is detected by this central counter and recorded electronically.


  In the anti-coincidence counter, the central counter containing the sample is surrounded by a complete series of further counters. They do not prevent the cosmic ray particle from penetrating to the central counter; but they do record its passage through the surrounding ring of counters, and automatically, for a tiny fraction of a second, shut off the recording mechanism of the central counter. The unwanted cosmic ray particle activates the shield counters, shutting off the recording equipment of the central sample counter for the instant that it takes the extraneous particle to pass the centre of the measuring device. In this way the equipment avoids recording cosmic ray intruders.


  On the other hand the electrons originating from the radiocarbon are recorded normally by the central counter. Since their energy is less than that of the cosmic ray particles, they do not go beyond the wall of the central counter, and do not set off the surrounding anti-coincidence counters. In this way the unwanted and extraneous counts due to background radiation are cut down from 800 counts per minute to about 13 counts per minute. Libby and his associates used a Geiger counter, which is simply a hollow tube containing the sample, in which the electrical impulses, created by the electrons emitted in the disintegrations, are taken up. The archaeological samples, in the very early days, were simply spread in solid form on the inside wall of this sylindrical counter. Later it was found more accurate to convert the sample, by ordinary chemical means, into gas – usually carbon dioxide or methane. In both cases the electron produced in the disintegration of the carbon-14 atom allows an electrical impulse to pass in the counter, and this is recorded electronically. More recently, Harold Barker at the British Museum Research Laboratory found it possible to convert the gaseous sample, by simple chemical means, into liquid form – usually benzene or methyl alcohol. This is mixed with a liquid which has the property of emitting a flash of visible light when an electron from a disintegration passes through. The light-flashes are detected by photomultipliers, and again recorded electronically. This liquid scintillation counting has the added advantage that the samples can more easily be changed over, since the sample has less bulk than the corresponding amount of gas, and can be contained in a small glass vial.


  The various improvements in these methods of measurement have greatly increased the accuracy. And where, in the early days, some thirty grams of pure carbon were required in a sample to be dated, today six grams or even three grams can be sufficient.


  The problem of background radiation has not been eliminated entirely, however, and this is one of the basic limitations in the accuracy of the method. Some particles manage to get through the anti-coincidence counters, and are then recorded in the central counter as if they originated in the sample. The general magnitude of this problem can be gauged by using the set-up to measure without any sample in at all, and hence to record the background radiation which is getting through. But since the cosmic ray flux varies from moment to moment and from day to day in an unpredictable way, this is not an adequate answer. This continuous, fluctuating background radiation means that successive measurements of the radioactivity of the same sample give different readings (Figure 57).


  There is thus a counting error, due to the background radiation, which, while it can be reduced by successive measurements, cannot be eliminated. No way has been found of overcoming this problem, caused by the changing cosmic ray flux. Instead this basic counting error or uncertainty is publicly acknowledged. All radiocarbon dates are published with a ‘plus or minus’ figure attached, e.g. 3150 b.c. ± 130. The ± 130 refers only to the counting error; it does not include any estimate of other possible error sources in the date.
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  Figure 57. Statistical variation in radiocarbon determinations. The results of repeated age measurements of a single sample over a period of six months. This variation is conventionally expressed by the standard deviation, the ± figure, which follows all radiocarbon dates. (After H. Barker)


  This ‘plus or minus’ term has sometimes caused confusion among archaeologists. It does not mean that the error is precisely the amount quoted, nor that the correct reading has to lie within the limits set. It expresses instead a statistical concept: that the best estimate for the correct value (i.e. the mean for the correct value) is 3150 b.c. with a standard deviation of 130 years. This means that the correct value has a 68 per cent probability of lying within the limits specified (i.e. 3150 + 130 b.c. to 3150 — 130 b.c). It has a 95 per cent probability of lying within the limits of two standard deviations (3150 + 260 b.c. to 3150 — 260 b.c.), and a 99·5 per cent probability of lying within three standard deviations. It has a finite but very small probability of lying outside even these limits.


  In other words the 68 per cent confidence limits for the determination lie one standard deviation respectively above and below the quoted, mean value. The 95 per cent confidence limits lie two standard deviations above and below the quoted value.


  There is nothing mysterious or puzzling about this. It just expresses neatly that we do not have a precise absolute figure for the determination – just a mean or best date, and a knowledge of the magnitude of the errors likely to arise from the counting problem. The standard deviation, or standard error, can be reduced by repeated measurements on the same sample. Obviously the most accurate dates are those with the smallest standard deviation. For most laboratories the standard deviation is of the order of 100 years. In some it has now been reduced below 50 years.


  THE FOUR ASSUMPTIONS OF THE RADIOCARBON METHOD


  (1) The half-life of radiocarbon. The half-life of radiocarbon is an invariant constant of nature. Unfortunately, however, it is not a constant which can be calculated from first principles: it has to be measured in the laboratory. Consequently like all measurements it is subject to error. For this reason it has turned out to be, in practice, a somewhat variable constant! But the variation in the value accepted arises solely from these problems of measurement: it does not shake the view that carbon-14 has a single, fixed half-life, however difficult it may be to measure accurately.


  The agreed value of the half-life is, of course, used to calculate all radiocarbon dates. For each sample to be dated, as we have seen, a measurement of its radioactivity is made in the laboratory. Knowing the original radioactivity at the time of death, and using the agreed half-life, the length of time since the death of the sample is obtained.


  The half-life of radiocarbon has been measured several times in the laboratory in very carefully controlled experiments. The basic principle is easy: a known amount of radiocarbon (found by analysing a much more concentrated sample in a mass spectrometer, and then diluting it) is passed into a counter. The radioactivity of this known amount is measured in the usual way. Knowing both the quality of radiocarbon present (from the mass spectrometer measurement) and the radioactivity associated with it (from the counter), the half-life can be calculated. The problem in establishing the half-life comes, in practice, in the performing of all these operations with sufficient accuracy.


  In 1949, Libby decided to use the average value from three analyses conducted in different laboratories. This set the half-life of carbon-14 at what is now called the Libby value of 5568 ± 30 years. Radiocarbon dates are thus calculated on the basis that over this period of 5568 years a given sample of carbon will lose one half of its radioactivity. The ± 30 term indicates the counting error, for since it is based on laboratory measurement against a changing background radiation, the half-life has a standard deviation in the same way as any radiocarbon ages.


  Since 1949, radiocarbon ages have normally been calculated on the 5568 half-life. The calculation gives the age of the sample expressed in years Before Present (B.P.). To avoid confusion as to the precise year in which the measurement was made, the ‘present’ is taken, by international convention, to be 1950 A.D. Dates can be expressed in years B.C. by substrating 1950 years from the B.P. age.


  More recent measures of the half-life have suggested that the Libby value is too short, and the best available estimate is now 5730 ± 30 years. This is, of course, 160 years (3·4 per cent) longer than the previous value. It means that radiocarbon takes longer to decay than had been thought, and consequently that the ages previously calculated should be increased by 3·4 per cent. So ages calculated on the old 5568 half-life (in years B.P.)may be adjusted to the new 5730 half-life through multiplication by 1·03. (Ages expressed in years B.C. can be adjusted through multiplying by 1·03 and adding 66 years.)


  To avoid the confusion of having some dates expressed on one system and some on the other, it has been agreed that all dates should still at present be quoted on the old, Libby half-life of 5568 years as they are in this book. In the future an international conference may agree to convert all dates, using a more accurate measurement of the half-life. At present it is important that all dates should be quoted using the same convention.


  The difference between the half-lives is certainly not a trivial one – it amounts to nearly two centuries for a date around 4000 B.C. Indeed it had already been noticed that in areas, such as Egypt, with an independent calendrical chronology, the radiocarbon dates calculated on the 5568 half-life were too young (i.e. not high enough, not early enough). For this reason some scholars have quoted two dates for each sample, one for each half-life. As we have seen in Chapter 6, however, the tree-ring calibration of radiocarbon manages to sidestep the problem of half-life, and indeed makes all the argument rather superfluous.


  (2) Absence of contamination. The second fundamental assumption of the methods is that the sample has not been contaminated, since its death, with older or more recent material, whose isotopic composition would be different. Of course, when living things die they decay, and this chemical process reduces their weight, removing most of the water and soluble substances from the body. The skeleton which remains is rich in carbon, especially in the case of plants. Burning can prevent complete decay in plants, and if there is not too much air they will ‘carbonize’, and become charcoal. Charcoal is, of course, almost pure carbon, and is ideal for radiocarbon dating.


  There is always the risk that older carbon may penetrate the sample and dilute its radioactivity. More recent material – rootlets, or fungus growing on the sample – may add radiocarbon of recent origin, and make the sample appear deceptively young. Laboratory cleaning – a ‘laundry job’ – can sometimes eliminate such contamination. Washing in clean alkali will extract the humic acids, and washing in clean acid can remove mineral calcium carbonate.


  Obviously great care must be taken in the collecting of samples. In the early days photographs were sometimes proudly published in archaeological reports with captions such as ‘The Collection of Radiocarbon Samples’. In more than one of these, the ‘expert’ would be seen smoking a cigarette. Just a little cigarette ash, deriving of course from recent plant material, could seriously contaminate the sample.


  Obviously the archaeologist has to be sure of the stratigraphic context from which the sample comes. Too often in Radiocarbon, the journal where all new dates are published, one reads the excavator’s comment, ‘too young’. Nine times out of ten this means that the excavator himself has submitted a sample which did not belong securely in the stratum to which he assigned it.


  There is the risk too that the sample may not have been recently dead when buried. A beam of wood, for instance, can be re-used in a building, and in any case the heart of a long-lived tree is decades or centuries older than the outermost ring. There is even the risk of fossil wood being used, and ‘bog oak’ is a favourite explanation for archaeologists whose radiocarbon dates are very much earlier than expected. Dates obtained from samples of carbonized grain overcome this difficulty, since the grain is less likely to have been old at the time of its burial.


  In practice, the actual contamination of samples turns out to be surprisingly rare. Confusion is introduced far more often through archaeological mistakes and uncertainties.


  (3) Uniform world-wide distribution of radiocarbon. The assumption that the atmospheric level of radiocarbon is the same at a given time all over the world – Libby’s principle of simultaneity – is not entirely correct, but recent work has nonetheless established that fluctuations with latitude or longitude are small. This conclusion was originally reached by Libby’s colleague, E. C. Anderson, who analysed samples of different plant and animal species from all over the world.


  One problem is the earth’s magnetic field, which affects the cosmic radiation reaching the atmosphere. Far more neutrons are produced at high latitudes than at the equator. Moreover, it is important to consider how the approximately 60,000 kilograms of radiocarbon in the world is distributed. Less than 2 per cent is in the form of free carbon dioxide, for the ‘carbon exchange reservoir’ includes the oceans, where much carbon dioxide is dissolved. And the mixing of the waters of the surface ocean and deep ocean is rather slow.


  Fortunately, however, mixing in the atmosphere is much quicker. This has been demonstrated by the speed with which radiocarbon generated in H-bomb tests has become uniformly distributed about the world. More recent work has shown that there is no significant difference in the atmospheric concentration of radiocarbon with longitude. There is a small latitude effect, amounting to 0·4 per cent in recent samples. It causes samples in the Southern Hemisphere to appear about 40 years older than contemporaneous samples in the Northern Hemisphere. It is not a serious source of error.


  An equally important question is whether all living plant and animal species do, in fact, contain the same proportion of radiocarbon to ordinary carbon-12 as does the atmosphere. Again the basic assumption is that they do, and again it is nearly but not exactly true in practice. One possibility is that plants living on calcareous soil might take up carbon from the calcium carbonate, which would be very low in radiocarbon. This does not appear to be a serious problem for plants, which take up their carbon by photosynthesis, but is more troublesome with shells. It is particularly acute for freshwater shells, where some of their material may originate from mineral carbonate in hard water. For this reason, freshwater molluscs are not generally considered ideally suitable material for reliable radiocarbon dating.


  Plants and molluscs present a further problem. It was stated earlier that radiocarbon behaves chemically in precisely the same way as the stable isotopes of carbon, carbon-12 and carbon-13. In practice, however, just a little ‘isotopic fractionation’ does occur in the process of photosynthesis – that is to say, some plants do show a small but definite disinclination to take up the slightly heavier carbon-14 from the atmosphere; consequently they have a slightly lower proportion of radiocarbon than the atmosphere. The error in the date caused by this effect is, however, small – usually not more than 80 years. And fortunately a correction can be made by considering also the isotopic fractionation of carbon-13. The proportion of carbon-13 in the sample is determined by mass spectrometer, and any variation from the normal level is noted. It is possible, then, to estimate and allow for the effects of the fractionation process on carbon-14.


  These minor effects have all to be considered with care. But, as we have seen, none of them seriously affects the validity or the accuracy of the radiocarbon method.


  (4) Variation in the atmospheric concentration of radiocarbon with time. The radiocarbon dating method originally made the important assumption that the proportion of radiocarbon to ordinary carbon-12 in the atmosphere has remained constant through time. This absence of secular variation of atmospheric radiocarbon seemed a reasonable assumption in 1949. The effects of cosmic radiation were not thought to have varied, and the only obvious change was the increase in the volume of the oceans as the ice caps retreated at the end of the last glaciation. This might have altered the balance of distribution of carbon dioxide in the earth’s existing reservoir.


  There were, in addition, two more recent effects. The first, the fossil fuel or ‘Suess effect’, arises from the industrial use of coal. Since the nineteenth century the burning of coal for fuel has released into the atmosphere considerable quantities of carbon dioxide which, originating in very ancient deposits, is without the usual proportion of radiocarbon. In effect this is diluting the radiocarbon with additional carbon-12, and over the past two centuries the proportion of carbon-14 to carbon-12 has fallen by about 3 per cent. But now that the deviation has been recognized and allowed for in the modern standard samples used, it presents no problem, being far too recent to affect archaeological samples.
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  Figure 58. The bristlecone pine calibration of radiocarbon as proposed by H. E. Suess (continuous line) and as modified using a smoothing function (broken line). The dates running across the top and the lines to which they refer indicate radiocarbon dates measured in radiocarbon years B.C.; the dates running across the bottom and the lines to which they refer indicate bristlecone pine dates in calendar years B.C. The curve indicates the deviation of the radiocarbon time scale.


  To calibrate a radiocarbon date, say 2000 B.C., follow the line for that date until it meets the curve. Now follow the line below the curve perpendicular to the previous line and read off the calender date on the bottom scale. The radiocarbon date of 2000 B.C. gives a calibrated date of about 2500 B.C. Note that all calibrated dates are at present approximate only, and that the final curve will probably have some kinks in it, like the Suess curve shown here
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  The testing of atomic and nuclear weapons has had precisely the opposite effect: great quantities of radiocarbon have been produced and released into the atmosphere. The level in 1953 was more than 25 per cent higher than it had been ten years earlier. But again this has little relevance for early samples.


  It is now known, however, that the proportion of radiocarbon to ordinary carbon-12 has not remained precisely constant through time, and that before about 1000 B.C. the deviations are so great as to make radiocarbon dates significantly in error. As described in Chapter 4, the magnitude of this error has been established by tree-ring work, and this makes it possible to calibrate dates to give a value for the true date expressed in calendar years. The most recent calibration curve published by Suess is seen in Figure 58 as an unbroken line. Attempts have been made to ‘smooth’ this curve by statistical means, and the result of one of these, by Dr V. R. Switsur of Cambridge, is seen as a dotted line. In practice the final calibration curve may well have kinks in it, like those suggested by Suess, but probably not in quite the same positions. The refinement of the calibration curve remains a task for the future, but the magnitude of the effect – and its archaeological consequences – are now clear enough.
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