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Abstract  22 

Radiocarbon dating uses the decay of a radioactive isotope of carbon (14C) to measure time 23 

and date objects containing carbon-bearing material. With a half-life of 5,700 ± 30 years, 24 

detection of 14C is a useful tool for determining the age of a specimen formed over the last 25 

55,000 years. In this Primer, we outline key advances in 14C measurement and instrument 26 

capacity, as well as optimal sample selection and preparation. We discuss data processing, 27 
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carbon reservoir age correction, calibration and statistical analyses. We then outline 28 

examples of radiocarbon dating across a range of applications, from anthropology and 29 

paleoclimatology to forensics and medical science. Reproducibility and minimum reporting 30 

standards are discussed along with potential issues related to accuracy and sensitivity. 31 

Finally, we look forward to the adoption of radiocarbon dating in various fields of research 32 

thanks to continued instrument improvement.  33 

 34 

[H1] Introduction 35 

Radiocarbon (14C) is a radioactive isotope of carbon produced naturally in the atmosphere by 36 

secondary cosmic rays. The discovery of 14C and the establishment of the current method for 37 

radiocarbon dating came as a result of multidisciplinary efforts in the 20th century 38 

(Supplementary Figure 1). Shortly after the discovery of the 14C isotope by Ruben and Kamen1, 39 

minute amounts of 14C were detected in nature2-4, which triggered the development of a 40 

chronometer based on 14C radioactive decay3,4 (Figure 1). Produced in the atmosphere, 41 

radiocarbon is oxidized first to 14CO and later on to 14CO2 before entering the global carbon 42 

cycle [G]5. The 14C content in the atmosphere is low (14C/12C is approximately 10-12), which is 43 

reflected in the biosphere and other carbon reservoirs, including the ocean and land. Once 44 

fixed in the matrix of organic matter — in plant tissues via photosynthesis and animal tissues 45 

via the food chain — 14C concentration remains in equilibrium with the environment for as 46 

long as the host is alive. Death, closure of annual tree-rings or formation of cellular DNA, 47 

prevents cells from exchanging with new refreshed 14C pool, thereby starting the radiocarbon 48 

clock (t0). As the original 14C content (A0) decays with a half-life of 5,700 ± 30 years, the 49 

remaining 14C content (A) provides a measure of time elapsed from t0. The standardized 50 

procedure for reporting radiocarbon ages is shown in BOX 1. 51 

The method's immediate use and success resulted from a combination of two key 52 

characteristics. First, as a naturally occurring radioactive isotope of carbon, 14C is built into all 53 

carbon-bearing material (organic and inorganic) as part of the global carbon cycle. Second, a 54 

long half-life6,7 enables 14C to be used in a broad spectrum of applications and dating material 55 

formed over the last 55,000 years. 56 

 57 
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 During the seven decades over which the radiocarbon dating method has been developed, 58 

significant technical and methodological refinements have occurred. These include ongoing 59 

efforts to construct, maintain and improve universal radiocarbon calibration curves [G] for the 60 

Northern8 and Southern9 hemispheres and the ocean10, as well as notable instrumental 61 

developments. In 1977, the invention of the accelerator mass spectrometry (AMS) as an 62 

alternative to counting 14C reduced the amount of carbon required for analysis from 1 g to 1 63 

mg and decreased analysis time from days to 30 minutes for the equivalent precision. 64 

Moreover, during the last 2 decades, lower limit of carbon needed for AMS analysis was 65 

pushed to micrograms11-14.  66 

 67 

The downscaling of the required sample size has opened the gate for a whole suite of new 68 

applications. The potential of radiocarbon dating, previously most used in archeology and 69 

paleo-environmental science, has rapidly expanded across other fields such as biomedicine 70 

and art. Moreover, traditional applications have expanded to explore new materials (or 71 

conventional materials in new ways), facilitated by the smaller sample size requirements. An 72 

example of such cutting-edge applications is the use of the anthropogenic signal of nuclear 73 

testing, known as the 14C bomb peak. The bomb peak is an excellent time marker for studying 74 

samples associated with biomedicine, forensics and environmental studies. Indeed a 75 

successful extension of radiocarbon-based biomarker research marked the transition to the 76 

21st century15 and compound-specific radiocarbon analysis (CSRA) has facilitated the tracing of 77 

carbon sources in the environment in finer detail than previously possible. Overall, 14C is now 78 

used in a highly diverse array of applications ranging from dating DNA to solar activity 79 

reconstruction. This Primer introduces the radiocarbon dating method, its underlying 80 

principles, methodologies, and limitations. It also provides a wide range of examples of how 81 

AMS-based radiocarbon dating can be used as a tool to answer numerous research questions. 82 

[H1] Experimentation  83 

This section describes the process of selecting suitable material for radiocarbon dating and the 84 

necessary experimental steps. The potential archives of carbon and datable material are 85 

described, as is the choice of suitable material from these archives and the appropriate 86 

procedures for pre-analysis and purification. All of these considerations are crucial for 87 

successful radiocarbon dating. The normalized fraction of 14C (F14C)16 is determined by either 88 
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counting (beta-ionization) or using AMS analysis (the main focus of this article). Based on the 89 

measured F14C, the radiocarbon age is calculated and calibrated for chronological applications 90 

or assessed relative to relevant environmental changes in 14C concentration (via Δ14C)17-21. The 91 

choice of material, requirements and corrections vary based in different research problems. 92 

[H2] Equipment 93 

 [H3] Beta-counting techniques  94 

The counting of electrons, which are the products of the beta decay of 14C, evolved from the 95 

first Libby screen counters22 to gas proportional counters (GPC)23 and liquid scintillation 96 

counters (LSC)24. GPCs operate either on CO2 or methane, where the beta particles are 97 

detected after they ionize the gas, filling the detectors. LSCs usually require samples to be 98 

converted to benzene (C6H6), which is then mixed with a scintillation agent such as butyl PBD. 99 

The beta particles resulting from the decay of 14C present in the sample create scintillation 100 

within the mixture which can be detected and measured. 101 

The development of the counters involved the reduction of background caused by impurities 102 

in material and cosmic rays25. The technique was well established by the mid-1980s with 103 

modifications to improve efficiency and sensitivity26,27. Both types of counters require larger 104 

samples and longer measurement times compared to AMS. However, numerous radiocarbon 105 

laboratories worldwide are still equipped with counters for processing relatively large samples, 106 

although often they also have graphite preparation lines28 to enable analysis of smaller 107 

samples using AMS, i.e., these laboratories function as AMS satellite laboratories. Nuclear 108 

waste29 and environmental monitoring30 and the authentication of natural products31 often 109 

rely on beta-ionization counting techniques because the costs of equipment/analysis are 110 

significantly lower and sample size is not a limitation.  111 

[H3] Accelerator mass spectrometry 112 

Since direct detection of 14C using particle accelerators was demonstrated in 1977 32-34, AMS has 113 

emerged as the most commonly used technique in 14C analysis. In AMS, the direct measurement 114 

of the 14C/13C or 14C/12C ratio in the sample results in much shorter measurement times — from 115 

days to tens of minutes — and reduced sample material requirements — from grams to 116 

micrograms of carbon. AMS instruments are designed to extract carbon ions from a processed 117 

sample of graphite or CO2, analyzing the extracted ion beam as it is passed through various 118 
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filters to remove unwanted and interfering species. While switching in a fast sequence between 119 

carbon isotopes, they detect and measure both stable and radioactive carbon isotopes (Figure 120 

2)35. 121 

The ion source of the AMS system forms the first filter because it produces negative ions from 122 

graphite or CO2. This is crucial for 14C detection by AMS since it removes 14N, which is the most 123 

abundant isobar [G] of 14C, but which does not form negatively charged ions by sputtering. 124 

Negatively charged ions of 14C are then transported through the rest of the system, which 125 

comprises two mass spectrometers, located at the low and high energy ends of a high voltage 126 

stage (Figure 2). Along each spectrometer, different dispersive elements are used as filters to 127 

select ions depending on their charge, mass and energy. To remove unwanted molecule species 128 

such as 12CH2 or 13CH1, the ions that passed the first spectrometer will interact with the so-called 129 

stripper medium (such as argon or helium gas) located at the high voltage stage. Here, electrons 130 

are removed, and molecular bonds are destroyed resulting in atomic ions in a positively charge 131 

state. They are mass filtered a second time in the mass spectrometer at the high energy end. 132 

Finally, the 14C atoms and currents of 12C and 13C are detected. The measurement is executed 133 

relative to standards in order to derive absolute isotope ratios. 134 

In recent years, AMS has undergone further technical developments, resulting in the detection 135 

of 14C at much lower energies than before, which requires much lower terminal voltage36-38. This 136 

has led to the downscaling of AMS instruments and facilitated more reliable and stable 137 

operations in AMS laboratories, which are closely comparable to conventional mass 138 

spectrometry laboratories39,40. Further improvements are related to the set-up of gas-accepting 139 

ion sources for the analysis of microgram samples12,41-43 and direct analysis on CO2 resulting 140 

from the combustion in Elemental Analyzer44, wet oxidation45, acid hydrolyses46 or laser 141 

ablation (LA-AMS)47 and the use of systems based on positive ions 48.  142 

 143 

 [H2] Sample Material 144 

Radiocarbon dating can only be applied to samples that contain organic or inorganic carbon. 145 

Material older than 55,000 years old is beyond the limit of radiocarbon dating, as determined 146 

by the Libby half-life. 147 

[H3] Natural archives 148 
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 A broad spectrum of material from various terrestrial and aquatic environments is suitable for 149 

radiocarbon dating (Supplementary Table 2). Material from terrestrial archives [G] such as 150 

wood and remains of terrestrial plants and animals typically contain direct records of 151 

atmospheric 14C present in CO2, fixed into terrestrial plant tissues or indirectly into animal 152 

tissues via the food chain. There are a few exceptions: when a localized source of ancient CO2 153 

is present, such as in a volcanic vent or when the food chain is dominated by a 14C reservoir 154 

effect[G]. Reservoir effects occur typically in freshwater aquatic or marine systems, when the 155 

carbon in tissues of organisms or inorganic deposits reflect the presence of older carbon 156 

within marine circulation systems or within ground water enriched with old geological 157 

carbonates (14C-free). This can skew radiocarbon dating results erroneously by several 158 

hundred years compared to the contemporary terrestrial and atmospheric records. In such 159 

circumstances, dating for a range of plants, shells, corals and sediments must be corrected to 160 

enable accurate dating. Similarly, soil, sediment and speleothem [G] samples can have a range 161 

of other more complex sources of carbon originating from old limestone rock or old organic 162 

carbon stored in soils, and thus require modeling and correction to improve the 14C dating 163 

accuracy. Anthropogenic products such as art and items of everyday life can also have a more 164 

complex carbon footprint through which radiocarbon dating can unravel sources and track 165 

down counterfeits. 166 

[H3] Choosing optimal samples  167 

The success of any study using radiocarbon dating is dependent on the materials selected and 168 

how they are sampled. Research questions should be formulated prior to sampling, most 169 

notably to define the expected outputs and possible limitations to dating precision and 170 

accuracy. For example, dating precision in some periods is severely limited by the shape of the 171 

radiocarbon calibration curve (Figure 3), and this should be considered ahead of sampling in 172 

applications such as archeology 49,50 or the study of artworks51 where precision dating is 173 

paramount. Depending on the objective of the dating study (for example, determining the 174 

date of an event, artefact or proxy record), there may be a variety of options for carbon 175 

samples; in such cases, it is essential to prioritize the material most appropriate to best answer 176 

the research question.  177 

Sample size is important, and must be optimized to ensure the success of radiocarbon dating, 178 

but prevent any unnecessary damage of the artefact. Another critical step is to identify 179 
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potential carbon sources within the selected material (considering the previously described 180 

reservoir or carbon cycle-related effects). A crucial part of this exercise is the possibility for 181 

contaminating carbon to have been added to the sample prior to recovery.  182 

Contamination can be due to natural processes such as incorporation of exogenous carbon by, 183 

for example, bone deposited in soils or by conservation of bone with polymers or glue. It is 184 

also essential to consider how closely the true age of the carbon in the sample — for example, 185 

pre-aged coffin wood made from a center of a large oak trunk — reflects the date of the event 186 

of interest, like date of burial)52. A single charred seed in an archaeological sample should not 187 

be used for radiocarbon dating, as it may be intrusive or residual from bioturbation and post-188 

deposition processes. Rather, a cluster of seeds found as part of a dating assemblage is 189 

preferred53. Other potential contaminants include modern roots in archaeological contexts or 190 

varnish on paintings, and must be avoided or accounted for in the sampling protocol, by using 191 

a higher mass of bulk sediment or sampling the canvas of a painting. 192 

 [H2] Sample preparation 193 

Most samples used in radiocarbon dating will require a sequence of preparation steps, 194 

often involving both physical and chemical processing of the sample (BOX 2). The aim of all 195 

of these steps is to remove contamination and to convert the sample into a pure and 196 

condensed carbon form such as graphite or CO2, which is suitable for AMS analysis. For 197 

conventional 14C measurements using beta-counters, CO2 and methane or benzene are the 198 

dominant form for GPC or LSC counters, respectively. The first step is designed to separate 199 

only carbon relating to the specific deposit of interest (for example a grave or a fireplace), 200 

in the case of 14C applications as a chronometer, or only carbon relating to the source of 201 

interest in the case of applications using 14C for carbon source apportionment, fluxes or 202 

turnover times.  203 

[H3] Physical processing 204 

Physical preparation of samples includes visual and microscopic examination. This is 205 

performed to verify that the physical sample type and composition are as expected, and 206 

are suitable for measurement. Some samples such as wood can be quite straightforward to 207 

clean and prepare. However, waterlogged wood has little or no preserved cellulose, 208 
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potentially making the separation of sufficient carbon difficult. Bones may have been 209 

poorly preserved, hindering the separation of collagen needed for radiocarbon dating.  210 

Physical pre-screening is also used to determine the mass of the sample, and to assess the 211 

likelihood that the sample will withstand the planned pretreatment procedure. Physical 212 

preparation can also include removal of visually identifiable exogenous carbon such as 213 

roots, and mechanical treatment such as crushing, cutting or grinding. The latter steps 214 

facilitate subsequent chemical treatment, by for example increasing surface area or 215 

homogenizing material.  216 

[H3] Chemical processing 217 

An assessment of the chemical composition of a sample can predict how it will behave 218 

during processing, whether treatment is likely to be successful and to identify chemical 219 

contaminants that must be removed prior to measurement. This is particularly helpful if 220 

these factors are uncertain or if little information is known about the sample. Elemental 221 

analysis provides information of %Nitrogen and %Carbon preserved in a bone, for 222 

example54. Fourier Transform Infra-Red Spectroscopy (FTIR) is very helpful in this regard 223 

and can be performed without loss of sample material55-60. Chemical pretreatment of the 224 

sample material may either remove contamination with carbonates using acid such as 225 

solution of hydrochloric acid when looking at soil organic carbon, for example61,62, and/or 226 

isolate a particular chemical fraction from a complex mixture known to be less prone to 227 

contamination than other components, such as is the case when isolating collagen from a 228 

whole bone. Separation of carbon inherent to the sample material may also be facilitated 229 

by the measurement of specific compounds or classes of compounds of interest from a 230 

larger chemical mixture, such as n-alkanes from lake sediments. An extensive range of pre-231 

treatment approaches has been developed15,63-66.  232 

 [H2] Standards and processing blanks  233 

Samples of known age (secondary NIST standard HOx2 19,67 are used for normalization. 234 

Secondary standards provided by International Atomic Energy Agency (IAEA)68 are prepared 235 

alongside unknown materials as targets for AMS analysis as graphite or CO2, or as CO2 or 236 

methane in GPC23 and benzene in LSC 24,25. Standards are also used to monitor contamination 237 

introduced during processing. Modern contamination is detected using 14C-free material older 238 

https://www-s.nist.gov/srmors/view_detail.cfm?srm=4990c
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than 100,000 years, often termed blanks or background standards. Detection of old carbon 239 

contamination is tested against modern references. The material used as standards in 240 

radiocarbon dating laboratories includes international standards such as those produced by 241 

NIST and substances used in International Radiocarbon Intercomparison series 69. Laboratories 242 

may also use in-house standards prepared from suitable sources of material, such as 243 

dendrochronologically dated wood.  244 

Processing blanks are material-specific and pretreatment-specific, and accompany sample 245 

preparation of the same type and size to monitor contamination with exogenous carbon. For 246 

example, charcoal can be prepared using an Acid-Base-Acid (ABA) treatment (also known as 247 

AAA for Acid-Alkali-Acid), and wood can be prepared by separation of alpha-cellulose (BOX 2). 248 

Other organic materials such as bone and peat also require different pre-treatment strategies. 249 

Carbonates require different processing, therefore 14C-free carbonates such marble (IAEA C-1) 250 

and interglacial shells, corals and stalactites are used as processing blanks. 251 

 [H2] Data collection 252 

Each AMS facility has its own data collection system, with commercially built instrumentation 253 

equipped with a database to store information about the samples and their measured 254 

radiocarbon ages. AMS analysis of a single sample is performed in multiple cycles, depending 255 

on the sample material and required precision. Each solid graphite sample can be measured in 256 

multiple runs, with the cumulative run-time ranging from 30 to 120 min. Measurement time 257 

for gas targets containing micrograms of carbon vary from few minutes up to a maximum of 258 

10–12 minutes, depending on sample size. The counted 14C atoms and currents of 12C and 13C 259 

are registered for each measurement cycle. Data evaluation processes are also a part of the 260 

measurement, allowing for simultaneous control of the analysis via remote and in-laboratory 261 

software. The final data evaluation is performed after the measurement is completed. In this 262 

step, stability and performance are assessed and required corrections are made. 263 

[H2] Ethics considerations  264 

Some radiocarbon dating applications require ethical considerations when sampling or even 265 

when deciding whether radiocarbon dating is appropriate. In biomedical applications, the 266 

collection, storage and processing of human biological material must follow ethical guidelines 267 

set by national authorities both where the samples are obtained and where they are processed. 268 

https://nucleus.iaea.org/sites/ReferenceMaterials/Pages/IAEA-C-1.aspx
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While individual AMS facilities may not require ethical permits in order to receive and process 269 

such samples, it is the responsibility of the individual submitting the sample to have acquired all 270 

the necessary permissions for working with human material.  271 

In applications related to the antiquities trade70, to prevent radiocarbon dating of looted 272 

objects, most radiocarbon laboratories request documentation of an object’s origin and 273 

ownership71. Ethical guidelines apply when art or artefacts of cultural and/or religious 274 

significance or when ancient living trees are sampled. Sampling of such items must be carefully 275 

planned to prevent unnecessary destruction and damage72,73. Sampling in different countries 276 

and transfer of sample material — such as removal of samples from Egypt — may be subject to 277 

special regulations and require special permissions. Therefore, the best practice is for 278 

international research projects to include collaborators from the country where research sites 279 

are located, which is of benefit to the project’s outcome. 280 

[H1] Results 281 

The raw data obtained through radiocarbon measurements requires data processing. Analysis 282 

includes statistical analysis, age correction in order to obtain corrected and normalized values 283 

of sample 14C content. Finally, calibration or Bayesian modelling is applied to obtain calendar 284 

ages. 285 

The first step in the processing of radiocarbon dating data is to calculate the carbon isotopic 286 

ratios (14C/12C, 14C/13C and 13C/12C) from measured quantities of 12C, 13C and 14C. These data are 287 

then processed using different software depending on the class of instrument, the need for 288 

specific corrections, the level of precision required and the specific applications74-77. The 289 

measured 14C/12C ratios are normalized to a standard corrected for isotope fractionation (δ13C)78 290 

[G] and accelerator and sample processing backgrounds, then expressed in conventional units 291 

(F14C) ) (BOX 1). Conventionally, 95% of the 14C content in 1950 CE of a particular batch of oxalic 292 

acid HOx1 (NIST) is used as a reference. Due to dwindling supplies of HOx1, a secondary standard 293 

HOx2 is now being used, with an activity ratio [G] of 1.2736 in relation to the original standard67.  294 

Correction for machine and sample processing backgrounds is performed by subtracting values 295 

obtained from 14C-free materials that are either unprocessed —such as fossil graphite — or 296 

chemically processed in parallel with the samples — such as bones or wood older than the 297 

dating limit of 14C — from the measured sample 14C/12C ratios. Processing blanks are critical 298 
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when dating samples older than 30,000 years because the blank correction of the measured 299 

value for such old samples (F14C <0.025) introduces a large uncertainty and becomes the limiting 300 

factor for ages close to the limit of the method. Measured F14C of samples older than 50,000–301 

55,000 years is lower than 0.002 therefore of a similar level to blank samples. The effect of 302 

contamination is dependent on the F14C and the amount of the carbon added to samples in 303 

preparation. The constant mass contamination correction [G] is applied for low carbon masses 304 

that feature for very small samples (<0.1 mg of carbon)44,79. However, finite ages on samples as 305 

old as 50,000–55,000 years can be determined for samples of 1 mg of carbon. 306 

[H2] Statistical analysis and error 307 

 Experimental error on the measured carbon ratio is calculated by considering both the 308 

Poisson statistics associated with 14C counting and the scattering of the data obtained on the 309 

replicated analysis performed on each sample. One standard deviation uncertainty level of 310 

0.3%, which represents ±20/30 years in the radiocarbon timescale, is routinely achieved on 311 

samples younger than 10,000 years (for example 80). Overall uncertainty includes scatter due 312 

to sample-specific preparation, which is determined by preparing the same sample material — 313 

often of known age, such as tree-rings — multiple times81. For routine analysis a sample 314 

scatter multiplier or laboratory factor is applied. High precision analysis, desirable in some 315 

applications such as annually resolved tree-rings or art objects, requires multiple samples and 316 

coherent reading of the F14C.  317 

[H2] Reservoir age correction  318 

For samples containing carbon from reservoirs other than the well-mixed atmosphere and 319 

terrestrial biosphere, the measured radiocarbon ages usually require correction before they 320 

can be placed on a common calendar timescale. This is achieved after all other corrections and 321 

calculations have been performed upon the measured sample 14C/12C ratio. 322 

[H3] Marine radiocarbon reservoir effect  323 

Correction of samples containing marine carbon accounts for the spatiotemporal variability of 324 

marine radiocarbon records and is expressed as the marine radiocarbon reservoir effect [G] 325 

(MRE)10,82. At any location, the MRE is the product of global scale mechanisms in marine 326 

environments, which include the extended residence of 14C atoms in the marine reservoir once 327 

water is circulated away from the air-water interface at the ocean surface, and the rate of gas 328 
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transfer of CO2 across this interface. Correcting for the MRE applies a value for the global 329 

average ocean to the measured sample 14C age83. The global MRE is expressed as the 330 

difference in 14C age between marine and atmospheric carbon, varying through time; this 331 

correction should be derived from a separate international calibration curve for the global 332 

marine reservoir, currently Marine2010. This calibration curve represents the marine reservoir 333 

response to the fluctuations in 14C/12C through time in the atmospheric reservoir83. In addition 334 

to use of a calibration curve for the global marine environment, any local variation from the 335 

global average MRE must be calculated and applied to the samples in question. This local 336 

difference from the global average MRE is known as ΔR and should always carry an associated 337 

uncertainty82. Values for ΔR and its associated uncertainty are empirically derived, and a 338 

researcher may evaluate ΔR themselves84 or use established literature values, such as those 339 

available in the Marine Reservoir Database85. Note that, with the advent of Marine20, 340 

literature values of ΔR that were obtained using earlier versions of the atmospheric and 341 

marine calibration curves must be recalculated with Marine20 before use because the new 342 

Marine20 accounts for temporal changes in the globally averaged MRA10. 343 

[H3] Freshwater radiocarbon reservoir effect 344 

While the global MRE and many local ΔR values are relatively well established, this is not the 345 

case for the freshwater carbon reservoir. This is because the underlying mechanisms that 346 

govern the existence and size of a freshwater radiocarbon reservoir effect [G] (FRE) are highly 347 

location-specific. These generally involve variations in the input of geogenic, pre-aged or 348 

radiocarbon-dead carbon to a freshwater system, and/or residence time of 14C atoms in a 349 

freshwater system, for example due to lake stratification86. In effect, the total organic carbon 350 

of lakes within a carbonate rich catchment area or with regional volcanic CO2 sources can yield 351 

a depleted 14C signal. If the presence or absence of a freshwater reservoir effect has not 352 

previously been established for the system from which samples were obtained, efforts should 353 

be made to do this, by comparing measured 14C values with an independent age control, such 354 

as contemporaneous terrestrial carbon, known ages for recently-fixed freshwater carbon or 355 

other absolute age markers, including volcanic ash or varves, i.e., annual laminations in 356 

sediment. A correction may then be made by subtracting the FRE in 14C years from the 357 

measured sample age. This approach assumes the size of the FRE is constant with time. 358 

Changes in the nature of the mechanisms driving the size of an FRE can result in temporal FRE 359 
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fluctuations even within a small geographical area87 therefore terrestrial organic matter is the 360 

first choice for radiocarbon analysis (Supplementary Table 2) and failing this, cross-checking 361 

results with other dating methods. 362 

[H2] Approaching mixed reservoir samples 363 

It is possible for samples to contain a mixture of carbon originating from two or more 364 

reservoirs. This typically occurs where a terrestrial animal consumes a proportion of marine 365 

and/or freshwater carbon as a dietary resource, in conjunction with dietary carbon obtained 366 

from the terrestrial biosphere. The most common examples of this are terrestrial omnivores, 367 

like humans and pigs; terrestrial carnivores like dogs and foxes can consume marine protein, 368 

and even terrestrial herbivores like sheep and deer may consume marine plants such as 369 

seaweed, if it is available and accessible. If a mixed-reservoir situation is suspected, a series of 370 

steps are important to account for this88. First, the source and quantity of non-terrestrial 371 

carbon should be identified. Stable isotopes of carbon, particularly when coupled with isotopic 372 

ratios of other elements like nitrogen and sulphur can be very helpful in distinguishing 373 

between isotopic signatures of different reservoirs in the sample, and they can establish the 374 

proportion of carbon from each reservoir89-91. Determining the carbon proportion from each 375 

reservoir can be achieved via mixing models, from simple linear regression92 to Bayesian 376 

modelling93. Usually, the quantification of the proportion of non-atmospheric carbon also has 377 

an associated uncertainty, derived from factors such as variability in the isotopic composition 378 

of end-members for each reservoir, and in the analytical method used for quantification of 379 

non-atmospheric carbon91,92. It is important that this uncertainty is factored into any 380 

subsequent calibrations. Second, the radiocarbon reservoir effect of the non-atmospheric 381 

carbon must be established, along with the uncertainty of this value. Where the non-382 

atmospheric reservoir is marine, the measured radiocarbon value for the sample can then be 383 

calibrated to a calendar timescale using a mixture of the atmospheric and marine curves.  384 

[H2] Corrections for dead carbon fractions 385 

Frequently carbonates precipitated in cave environments have a different 14C signature than 386 

the atmosphere. This specific reservoir effect is called the dead carbon fraction [G] (DCF). It 387 

reflects a difference between atmospheric 14C content and the signal recorded in carbonates 388 

at the time of their formation. The dissolved inorganic carbon (DIC) in water passing through 389 

soils has a mixed signal, where the dead carbon component of the (typically) limestone 390 
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bedrock fluctuates from site to site. For this reason, speleothems are complex carbon records. 391 

However, the possibility of precise uranium-thorium dating94 and the extensive records 392 

represented in such archives around the globe offer the potential to utilize such material for 393 

extension of the radiocarbon calibration curve94,95. Moreover, recent high-resolution studies 394 

have demonstrated the potential of the DCF as a proxy of paleoclimate96. The new LA-AMS 395 

technique47,97 allows time-effective sampling and measurements of continuous profiles of 396 

F14C, which can be a useful pre-screening tool in environmental studies of the last 100 years.  397 

[H2] Calibration  398 

Atmospheric 14C has been impacted by a range of natural (solar, geomagnetic, global carbon 399 

cycle) and anthropogenic (bomb testing, fossil fuels) factors, introducing considerable 400 

variability in 14C through time (Box 3) .If 14C concentrations in the atmosphere remained 401 

constant through time the measured radiocarbon age — expressed in 14C years Before Present 402 

(BP) — would not require calibration. Moreover, calibration compensates the offset caused by 403 

the use of the wrong Libby half-life (Figure 1, BOX 1, Supplementary Table 1). Radiocarbon age 404 

must be calibrated to a curve based on measurements of 14C from samples of known age 405 

appropriate to the sampling location — whether that is the Northern or Southern 406 

hemispheres, or a marine environment, for example. The calibrated radiocarbon age is 407 

referred to as calendar ages counted backwards from 1950 CE (cal BP) or to calendar years before 408 

and within Common Era (BCE/CE). The IntCal radiocarbon calibration curves8,9 are a 409 

community resource constructed from measurements of 14C made in different laboratories on 410 

a range of securely dated samples. The recently updated compilation of data was published in 411 

20208. For the past 13,900 years (from 1950 CE back to 13,900 cal BP) calendar dated tree-412 

rings are used to produce calibration curves. Beyond this, back to around 55,000 years ago, a 413 

range of other measurements from highly resolved lake and marine sediments, speleothems, 414 

corals and non-calendar secured tree-rings are statistically integrated to create the most 415 

accurate representation of past atmospheric 14C currently possible (Figure 3a). The accuracy of 416 

any calibrated date is limited by the precision of the radiocarbon dating and the calibration 417 

data available, and by the natural variations in 14C over time (Figure 3b and 3c). 418 

The calibration is the last step in radiocarbon dating of the sample. The measured F14C values 419 

or radiocarbon age are calibrated using the most updated calibration curves (Figure 4a). The 420 
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IntCal data are available online and are an integral part of freely available calibration 421 

software98,99.  422 

The years after 1950 correspond to the post-nuclear testing era. Atmospheric 14C 423 

concentrations measured in CO2 of air or dated tree-rings including some of tropical species100 424 

display what is known as the bomb peak. The bomb peak has other implications and uses for 425 

dating of post-1950 material (BOX 4). Higher than the natural 14C concentrations of the bomb 426 

peak period (1953 until now) can be easily detected in samples formed less than 70 years ago 427 

(F14C >1). The measured value is then calibrated using compiled bomb peak data101 (Figure 4b) 428 

and updated data sets at the CALIBomb web page. 429 

 [H2] Bayesian Modelling 430 

The proper analysis and interpretation of radiocarbon data requires a robust statistical 431 

framework facilitating the calibration of conventional radiocarbon ages which typically do not 432 

produce normally distributed calendar time ranges, the interpretation of large sets of 433 

measurements and the combination of relative and/or absolute chronological information. This 434 

framework has been widely developed by using a Bayesian approach102,103. 435 

In typical chronological applications this theorem104 can be used to combine absolute, calibrated 436 

radiocarbon ages — likelihoods — with independently available information about the 437 

chronology — priors — in order to calculate a refined chronological model — the posterior 438 

(Figure 5). The prior information can be either calendar or relative. Examples of prior calendar 439 

information include when we know that an event has occurred in a certain time period or range, 440 

or after or before a certain date. Relative prior information includes when the order of a series 441 

of events is known. There are, of course, different possible situations to be considered. For 442 

example, a Bayesian model of a sequence of samples from a sedimentary record or a series of 443 

14C dated tree-rings has a potential to improve the precision of calibrated ages103,105. 444 

Other models include the stratigraphic order as prior information, and allow for coeval events 445 

to be chronologically grouped. This is for instance the case with sedimentary sequences when 446 

we know that a set of samples belongs to the same event — for instance a precise climatic event 447 

or a flooding, or in the case of an archaeological stratigraphy, an event like a destruction layer 448 

or a fire event or to the same cultural horizon49. The set-up of a proper and correct prior 449 

chronological model and its formalization in mathematical terms is a critical step in Bayesian 450 

http://intcal.org/
http://calib.org/CALIBomb/
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analysis of radiocarbon ages. It requires combination of available information such as series of 451 

events including different, properly bounded phases106. Bayesian advanced statistical tools are 452 

included in dedicated routines available in different calibration software such as OxCal103,107, 453 

BCal108, MatCal109, ChronoModel110.  454 

[H1] Applications  455 

Radiocarbon analysis is a powerful tool employed in studies of human and earth history of the 456 

last 55,000 years. The examples presented here include anthropology and archaeology, 457 

paleoclimatic research, terrestrial and oceanic environmental studies, biomedicine, cultural 458 

heritage, art research and forensic science. The list is much longer and expanding continuously 459 

with the development of new interdisciplinary applications. The main benefits from the close 460 

collaboration across the fields is becoming evident as the new radiocarbon dating tools are 461 

applied to answer questions formulated prior to the field work and sampling.  462 

[H2] Anthropology and archaeology 463 

Radiocarbon dating in archaeology and anthropological studies is not simply used to calculate 464 

the time that has elapsed from a past event111. It has become a powerful and invaluable tool 465 

for extracting new information about human activity, which would be unattainable with 466 

relative age alone, such as contemporaneity, rate of change and the spatial range and 467 

diffusion of events112 that can also be interpreted in the context of parallel paleoclimatic data 468 

such as ice core records.  469 

Advances in isolation and purification techniques also have a considerable effect on quality 470 

control, which is a critical issue in this area as it deals with samples susceptible to diagenesis 471 

[G] and contamination113,114. Ultrafiltration to remove lower molecular weight fractions has 472 

been used to purify gelatin extracted from bones 115. AMS can now measure samples with 473 

carbon content as low as tens of micrograms11-14, allowing for sampling of extremely precious 474 

fossil bones116-118 and facilitating radiocarbon dating and DNA analysis on the same bone. 475 

Another purification technique based on density separation using heavy liquids, known as 476 

carbonate density separation allows for the separation of calcite and aragonite. The 477 

separation of calcite is used for dating mollusk shells (which are involved in a range of 478 

archeological contexts), resulting in improved accuracy of radiocarbon ages of shells older 479 

than 30,000 years119. Compound-specific radiocarbon analysis [G] (CSRA) has also been 480 

successful at removing contaminants120,121. Using CSRA, a single amino acid found almost 481 
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exclusively in mammalian collagen — hydroxyproline — was isolated and measured by AMS. 482 

All these refined methods of separation carbon inherent to the bones or shells have been used 483 

in revising the chronologies of Middle and Upper Paleolithic archeological sites122-124, which is 484 

essential in the debate surrounding the co-existence between Neanderthals and anatomically 485 

modern humans and the extinction of the Neanderthals. CSRA has also been used in dating 486 

remains of food processed and stored in archaeological pottery using biomarkers125,126. 487 

Measurements such as these provide stronger ties to human activities and increase the 488 

archaeological implications of the radiocarbon dating.  489 

In the search of datable material phytolith [G] occluded carbon has been considered. For 490 

example, rice phytoliths in China’s Lower Yangtze region, which has been recognized as one of 491 

the earliest examples of rice cultivation, were dated to 9,000-9,400 cal BP along with other 492 

material from the same layer or context 127. However, some other studies using radiocarbon 493 

dating of phytoliths have shown inconsistent ages 128,129, which triggered research into the 494 

carbon sources and treatment methods for phytoliths, and indicated potential contribution of 495 

old soil carbon130. 496 

The use of radiocarbon dates in conjunction with other chemical and statistical analyses and 497 

spatial and archaeological datasets has been a major driving force in estimating human 498 

migration and population history. The progress of DNA analyses and ZooMS (mass 499 

spectrometry for zooarchaeology) have facilitated the determination of biological ancestry or 500 

the detailed taxon of samples lacking morphological information which can be combined with 501 

their radiocarbon dates131,132.  502 

Bayesian modeling for the calibration of radiocarbon data has been useful in tackling 503 

uncertainties in archaeological periodisation133 when radiocarbon dates and their probability 504 

distributions are used as a proxy for estimating prehistoric population133,134. If care is taken to 505 

collect accurate spatial data for each material sampled for radiocarbon dating, the formation 506 

history of archaeological sites and larger context human migration and population histories 507 

may be revealed. Examples range from dating an early human occupation in Boomplaas Cave, 508 

South Africa135 to chronology of the earliest occupation at the Neolithic site Çatalhöyük in 509 

central Turkey136. Close collaboration between radiocarbon dating researchers and on-site 510 

archaeologists is beneficial in order to date samples most representative of the archaeological 511 

event of interest. Such co-operation combined with statistical analyses quantifying 512 
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probabilities and uncertainties (see for example137) is expected to address previously 513 

unanswerable archaeological questions. 514 

[H2] Paleoclimatic research 515 

Paleo-environmental archives of the last 55,000 years are often dated by radiocarbon 516 

dating21 (Figure 6). Among the records are peat sequences138, bogs139, lake sediments105,140, 517 

marine sediments141,142, fossil trees143, corals144,145, speleothems146-148, paleo soil149 and 518 

loess150,151. Radiocarbon dating assists in pinpointing climatic and environmental shifts 519 

observed as shifts in various proxy data [G] such as pollen spectra or stable isotopes by dating 520 

the corresponding natural archives. For example, ice rafted debris identified in the North 521 

Atlantic sediment cores — a result of Heinrich Events — were accompanied by foraminifera 522 

shells, which were radiocarbon dated152. These radiocarbon ages of foraminifera were used 523 

to build a chronology for climatic events associated with Heinrich Events, which facilitated 524 

global climatic correlations153,154. Global or regional correlations depend on chronology and 525 

time markers. Thus, application of radiocarbon dating is frequently accompanied with the use 526 

of other dating techniques such as dendrochronology, optically-stimulated luminescence, 527 

uranium-thorium dating, lead-210 dating, varve counting or tephrochronology. The 528 

combinations of methods can be used to date volcanic eruptions155-158, landslides159-161, 529 

earthquakes162,163, tsunamis164,165 and floods166,167.  530 

While the tree-ring record can date a range of extreme events for specific geographic regions 531 

across the last 14,000 years, older events and many temporal and regional gaps in the tree-532 

ring record mean that there are numerous tree-ring applications also relying on radiocarbon 533 

dating167,168. Variable atmospheric radiocarbon can be due to changes in production rate 534 

(BOX 3) and measurements of annual, calendar dated tree-rings have also shown rapid 14C 535 

production in the atmopshere. These are known as Miyake events after169 and have 536 

documented 14C production increases of >1% over a ~1 year timespan. Miyake et al., 170 537 

suggested that such a rise in atmospheric 14C concentration might be due to solar energic 538 

particle [G] events. Additional rapid events over the Holocene have been identified at 775 CE, 539 

993 CE, 660 before CE (BCE) and 5480 BCE, and documented across the globe169,171-174. These 540 

rapid excursions have provided a unique opportunity to aid in radiocarbon calibration and 541 

high precision dating175-177. 542 
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Radiocarbon also provides insight into the Earth’s magnetic field. Variations in the Earth’s 543 

magnetic field cause fluctuations in the number of cosmic rays entering the Earth’s 544 

atmosphere and therefore directly influence the production of 14C. Radiocarbon calibration 545 

curves like IntCal13 and IntCal20 have documented changes in 14C production over the past 546 

55,000 years including several large production events at 41,000 years (Laschamp) and 547 

35,000 years (Mono Lake) events8,178. These radiocarbon production records closely match 548 

geomagnetic field reconstructions based on paleomagnetic data detailing the strong 549 

relationship between them179 and opening up new applications. 550 

Radiocarbon dating of megafaunal remains is a robust method to determine extinction times. 551 

Causes of megafaunal extinctions usually fall into two categories: climate change and human 552 

hunting. Radiocarbon has provided clear dating of extinctions, for example the extinction of 553 

giant deer180 and giant rhinoceros181 or megafauna in Siberia 182. However, some dating of 554 

megafauna extinction is near the limit of radiocarbon, as in the case of Australian megafauna, 555 

making causes difficult to infer 183-185. New Bayesian modelling methods like radiocarbon-556 

dated-event counting coupled with climate information and human population densities are 557 

making strides in determining causation of extinctions 186. In this example megafauna decline 558 

corresponded to global temperature decreases but not with human population 186. Future 559 

studies will need to employ these more sophisticated models to determine causation and 560 

relationships of megafauna extinctions. 561 

[H2] Atmosphere 562 

Production of radiocarbon takes place continuously in the atmosphere therefore 563 

understanding atmospheric 14C/12C variability past and present is central to the radiocarbon 564 

dating of any material. Anthropogenic effects caused by fossil fuel emissions and excess of 565 

artificially produced 14C like with nuclear technology have a profound impact on the 566 

atmospheric 14C content (BOX 3). The first measurements of atmospheric 14CO2 were initiated 567 

in Wellington, New Zealand in 1954, and a few years later in the Northern Hemisphere (for 568 

summary and overview see187-189) following the rise of the 14C bomb peak101,190 (BOX 4). 569 

Perturbations of the natural atmospheric 14C reservoir provide an excellent tracer for studies 570 

of the atmospheric circulation191 and of the carbon cycle192. The record is extended by the 571 

measurements of bomb peak 14C in tree-rings193,194, allowing for more detailed studies of 572 

regional and seasonal differences caused by the location of the Interhemispheric Convergence 573 
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Zone (ITCZ)191,195. Combined atmospheric and ocean observations of the 14C bomb peak 574 

evolution provide information on the uptake of anthropogenic CO2 emissions by the ocean196 575 

and modeling of future atmospheric 14C content197. Radiocarbon analysis is a crucial tool for 576 

qualitative estimations of fossil fuel emissions in urban regions 
198-201. 577 

In addition to gaseous emissions, combustion processes coming from power plants, fires and 578 

engines contribute particulate matter to air pollution. These carbonaceous aerosols are 579 

composed of light-scattering organic carbon and light-absorbing elemental carbon, also known 580 

as black carbon. Measuring the isotopic composition of carbon (14C and stable isotopes δ13C) 581 

of aerosols is used to quantify and identify sources of aerosols, whether they are from organic 582 

or elemental carbon fractions202-204.14C emissions from the nuclear power plants can be 583 

detected in gaseous forms and aerosols205,206 as well as in vegetation207 and as a part of 584 

nuclear power plant monitoring procedures. 585 

 586 

[H2] Terrestrial environment 587 

Radiocarbon measurements used to create a chronological framework for studies 588 

reconstructing the past environment — such as changes in vegetation distributions and climate 589 

— usually rely on the availability of suitable depositional archives containing chronologically 590 

stratified layers, for example from peats and lake sediments. In soils, processes inherent to the 591 

formation of these matrices, such as mixing from bioturbation, and the continual addition of de 592 

novo carbon from living vegetation, normally prevents the establishment of a radiocarbon age 593 

for the soil in the conventional sense. Instead, 14C measurements of soil reflect the rate of 594 

turnover of soil carbon over decadal-to-millennial timescales, providing crucial information for 595 

modelling terrestrial carbon cycling208,209. This has proven particularly valuable during the post-596 

bomb era, where the transient enrichment of soil carbon with bomb peak 14C has been traced 597 

to provide high resolution estimates of carbon turnover. Recognizing that soil is a complex mix 598 

of many different components, recent developments in this area have focused on isolating 599 

fractions to determine the rate at which they are cycled. Examples include chemical and density 600 

separation210, CSRA211 and ramped oxidation-pyrolysis212. Radiocarbon measurements on 601 

charcoal and/or biochar have also been used to address the role of black or pyrogenic carbon in 602 

the long-term carbon storage and/or turnover of soils213,214. 603 
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Over recent decades, radiocarbon analysis has been increasingly used to trace the products of 604 

soil decomposition, through analysis of soil-respired CO2, methane, dissolved organic carbon 605 

(DOC) and particulate organic carbon (POC). Much of this work depends on the concept that 606 

disturbed systems will release older carbon than they would otherwise, resulting in the 607 

reintroduction of carbon that effectively had been locked away into the contemporary carbon 608 

cycle. For instance, concern that melting permafrost in high latitudes is releasing old carbon and 609 

contributing to rising atmospheric CO2 concentrations — known as the permafrost carbon 610 

feedback — has driven a wave of 14C measurements in this area of high carbon storage215. 611 

Similar radiocarbon approaches have addressed the effects of anthropogenic land-use change 612 

on the release of old carbon, such as drainage and deforestation of tropical peatlands216. 613 

Radiocarbon measurements, often in conjunction with stable carbon isotope analyses, can 614 

unravel the contribution of different sources to various carbon pools. Since 14C is absent in fossil 615 

carbon due to its immense age, 14C measurements can be used to quantify the contributions of 616 

anthropogenic emissions to atmospheric CO2 and methane 200,217. Similarly, the 14C 617 

concentration of aquatic DIC can help partition its sources between ancient geological and 618 

younger organic components such as plants and the result of soil respiration, and to determine 619 

residence times in groundwaters218. 14C analysis has been used to identify the carbon used by 620 

organisms to better understand their functioning. For example, 14C analysis of fungal fruiting 621 

bodies219 has been used to determine whether a fungal species is mycorrhizal [G] or 622 

saprotrophic [G] and, through 14C analysis of respired CO2, show that a particular saprotrophic 623 

fungi used soil carbon that is up to 1,200 years old220. Radiocarbon analysis of soil and 624 

freshwater fauna has also been used to infer feeding behaviour221,222. 625 

Another major role in environmental applications for radiocarbon is in characterizing the 626 

source of carbon sequestered into carbonate minerals. Carbonate mineral sequestration is a 627 

natural method of removing CO2 from the atmosphere and storing it into carbonate minerals. 628 

It is one of the many components being trialled to reduce atmospheric CO2. Radiocarbon 629 

dating can determine whether the carbon in the newly formed minerals is from the 630 

contemporary atmosphere or is old recycled carbon, which is crucial for lowering 631 

atmospheric CO2 content 223-225. 632 

[H2] Ocean environment  633 
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Radiocarbon can enter the ocean in particulate form, from rivers and dust, or through air-sea 634 

gas exchange of CO2, becoming part of the oceans’ carbon pool. Air-sea gas exchange of 14CO2 635 

does not occur uniformly across the ocean, factors such as temperature and circulation play an 636 

important role226. Areas of cold water and deep-water formation — like the Southern Ocean 637 

and North Atlantic — are sinks for 14CO2 while the warm water along the equator can release 638 

14CO2 into the atmosphere. Carbon can reside in the deep ocean long enough for radioactive 639 

decay to occur, resulting in carbon ages exceeding 2,000 years in the deep North Pacific. 640 

Carbon moves throughout the ocean and can alter the 14C age of surface water through 641 

upwelling and horizontal circulation. This slow exchange of radiocarbon between the ocean 642 

and atmosphere results in the surface ocean having an average age of ~400–500 years83,227,228, 643 

an effect known as the MRE.  644 

Ocean surveys of seawater DIC in the 1970s and the 1990s show discreet snapshots of ocean 645 

CO2 uptake and the age of carbon in different ocean basins229,230. The differences in 646 

radiocarbon age from the ocean surface and depths have provided a history of ocean 647 

circulation and ventilation [G]231. Changes in ventilation are related to Meridional Overturning 648 

Circulation, and radiocarbon measurement of planktonic foraminifera coupled with benthic 649 

foraminifera have identified key periods of changing ocean circulation during major climatic 650 

shifts, like the Glacial to Interglacial climate shifts141,232-234. Deep sea corals that have been 651 

independently aged using uranium-thorium dating coupled with radiocarbon have shown that 652 

deep water in the Southern Ocean was sufficiently old during the last glacial maximum to 653 

suggest that a release of this carbon into the atmosphere explains the observed increase of 654 

atmospheric CO2 and the decrease of atmospheric radiocarbon observed from 17,000–12,000 655 

years ago235.  656 

Atmospheric nuclear weapon tests responsible for the bomb peak also mixed into the oceans, 657 

thereby increasing surface 14C. The surface ocean bomb 14C peaked approximately 10 years 658 

after the atmosphere226. Corals from the Galapagos Islands display clear patterns of 14C 659 

variability integrated into their skeletons in proportion to 14C variability of surface seawater. 660 

The corals bands were formed with higher 14C during El Nino years and with no to low 661 

upwelling and lower 14C during normal circulation years236. 662 

Organic carbon also makes up a significant part of the oceanic carbon pool and can be divided 663 

into two main components: DOC (< 0.8µm in size) and POC (> 0.8µm in size)237. Studies using 664 
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radiocarbon measurements of POC and DOC provide detailed insights into biogeochemical 665 

cycling in the ocean238-242. POC is produced in the surface ocean and is responsible for 666 

transporting carbon to the deep ocean and sediments; it retains the 14C signature of the 667 

surface ocean243-245. The DOC pool contains nearly the same amount of carbon as the 668 

atmosphere but is highly variable, with 14C ages ranging between 2,000 and 6,000 years 238,240.  669 

[H2] Biomedical applications 670 

The endogenous capacity of many cell types to renew, in health and pathology, is unknown. 671 

Cell regeneration is most often studied by analysing markers of proliferating cells, providing a 672 

good indication of the number of cells in cell cycle at any given time, but provides no 673 

information as to the cells that survive and stably integrate into the mature tissue. Other 674 

methods that provide information about adult-generated cells rely on radioactive or toxic 675 

compounds, or fail to provide information about cell turnover across the lifespan of the 676 

individual. Such limitations prompted the investigation of whether 14C integrated into genomic 677 

DNA mirror atmospheric levels at the time the cell was formed, and could be used to 678 

retrospectively determine the age of a population of cells246. Thanks to the 14C bomb peak 679 

(BOX 4) the concept is straightforward, but the practice has a few issues to take into 680 

consideration (BOX 5).  681 

Many studies have used radiocarbon dating of DNA to determine cell age, providing important 682 

insights into the maintenance and repair of human tissues and organs (Figure 7). 683 

Investigations of neuronal turnover in the adult human brain have shown that for many brain 684 

regions, no new neurons are generated after birth246-249, however other brain regions harbour 685 

an innate capacity to make new neurons throughout adulthood or in response to injury250,251. 686 

Non-neuronal cells of the brain, such as the cells forming the insulating myelin around the 687 

nerve cells (oligodendrocytes) and the immune cells of the brain (microglia), have also been 688 

investigated with radiocarbon dating, contributing significantly to our understanding of the 689 

maintenance and renewal of these cells during normal brain aging and injury252,253. Cell 690 

turnover analyses in the heart, including cardiomyocytes, have revealed low levels of cell 691 

turnover during adulthood254,255. Such data suggests that it may be realistic to target 692 

therapeutics which augment endogenous cell renewal for the treatment of cardiac disease. 693 

Radiocarbon dating has also been applied to fat cells, showing that adult humans renew their 694 
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fat cells at an average rate of 10% per year 256. Brain tumour growth dynamics and T-cell 695 

homeostasis in humans have also been determined using radiocarbon dating257,258. 696 

Radiocarbon dating is not restricted to DNA and studying cell turnover. Alternative 697 

applications, such as measuring lipid turnover in fat tissue259-261 and myelin turnover in 698 

oligodendrocytes252 have provided important insights into the factors contributing to obesity 699 

and weight loss maintenance as well as neuronal circuitry and plasticity, respectively.  700 

[H2] Cultural Heritage 701 

Protection and conservation studies of tangible cultural heritage frequently use radiocarbon 702 

dating, although historic data often provide the chronological context for many items. The first 703 

radiocarbon dating studies published in 1949 as a part of curve of knowns [G]3 included acacia 704 

wood from the tomb of Pharaoh Zoser (Djoser), as well as a range of archaeological textiles 705 

and wood from Egypt and North and South America 3,262,263. Considering that the technological 706 

developments at the time meant that several grams of material were required, the sacrifice 707 

was remarkable. With the advance of the AMS technique, radiocarbon dating of antique and 708 

art objects has become routine.  709 

Collecting a few milligrams of material is still destructive therefore sampling and radiocarbon 710 

dating in cultural heritage studies requires additional care and considerations72,73. Depending 711 

on the time range of the studied items, the type of material and its state of preservation and 712 

possible conservation, the amount of required sample may differ. Nowadays, minute samples 713 

(tens of micrograms of carbon) can be dated, at the expense of precision. The characteristic 714 

complications of the calibration curve — which plague the last 500 years of the time scale8 and 715 

form the Vinci and Stradivarius age plateaus [G] 51 — increase the age range of numerous 716 

artworks when their radiocarbon ages are calibrated. Nevertheless, the need for radiocarbon 717 

dating of manuscripts, paintings, textiles, statutes, musical instruments and objects of 718 

everyday use such as furniture and buildings is growing and treatment methods to optimize 719 

both sample size of various materials and precision are being developed264 (Supplementary 720 

Table 2). Removal of exogenous carbon such as varnishes or consolidation material using 721 

solvents is crucial for accurate and precise dating and for the detection of forgeries265-268. 722 

Radiocarbon dating of the construction of buildings and monuments is possible with selection 723 

of organic remains preserved in mortar or plaster, and AMS has been used to measure 14C in 724 

CO2 trapped in the binder during the consolidation phase 269-273. 725 
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Thorough spectral analysis and characterization methods of sample material is essential in 726 

choosing most promising fraction or component. For example, proper selection of the binder 727 

or pigments from paintings for radiocarbon dating requires characterization of the paint layer 728 

using FTIR274,275, Raman spectroscopy, X-ray fluorescence276, X-ray diffraction and/or gas 729 

chromatography-mass spectrometry 277-280. These tools are also useful to control the purity of 730 

fibers, wood and paper. For paper, the source material of cellulose must be identified in order 731 

to support interpretation of the radiocarbon age281. FTIR and polarized light microscopy 732 

analysis of textiles helps to screen for the presence of synthetic fibers, which are often derived 733 

from sources of 14C-free fossil carbon. For the analysis of mortars and plasters, prior to sample 734 

selection and radiocarbon dating, petrographic analysis and characterization of their chemical 735 

and mineralogical composition using x-ray fluorescence and x-ray diffraction must take place 736 

270-272. Similarly, metallurgic analysis of iron objects and estimates of carbon content precede 737 

the dating of pre-industrial iron objects282-284. Finally, interpretation of results requires a 738 

combination of all available information: art history, art analysis or provenance research. 739 

Bayesian models, which include prior information such as artist’s creative period, might be 740 

helpful in narrowing the calibrated calendar ages280,285. 741 

A unique potential of radiocarbon dating for ancient trees has been demonstrated by dating 742 

the oldest African baobabs286. Old trees have lifespans of several generations and are part of 743 

cultural heritage, thanks to their cultural, spiritual and symbolic values. Protection of ancient 744 

trees requires knowledge of their age but also understanding of their growth 745 

architecture287,288. Sampling living trees requires care and ethical conduct, however ancient 746 

trees usually have complicated structures and offer opportunities to sample in hollow and 747 

exposed places 289. Such wood is free of conservation therefore preparation for radiocarbon 748 

dating is straightforward, contrary to most anthropogenic objects. More examples of dating of 749 

ancient trees can be found in Supplementary Table 2). 750 

[H2] Forensics 751 

 [H3] Age determination of human remains  752 

Radiocarbon dating of human remains can be used to estimate the age of a person, and can 753 

significantly assist authorities when attempting to solve unidentified homicides as well as 754 

facilitate identification in mass disasters. Dependent on the stage of preservation, analysis of 755 

bone lipids, hair and skin can provide information on the year of death290. Since bone undergoes 756 
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remodelling across the lifespan, the age of bone does not always reflect person age, and cannot 757 

be used to reliably estimate date of birth — with an exception of the petrous bone, which is 758 

formed during the postnatal period291. Radiocarbon dating of tooth enamel has been used to 759 

estimate the date of birth of an individual292. Tooth enamel is not remodelled or exchanged 760 

during the lifespan and this analysis revealed that when calibrated for enamel formation time, 761 

dental enamel provides a remarkably accurate estimate of a person’s year of birth246. In one 762 

example, where radiocarbon dating (and other forensic methodology) was applied to a cold 763 

case, the legal identification of a young boy who had died approximately 40 years earlier was 764 

made, resulting in the repatriation of the boy’s remains and closure for the family293. 765 

Radiocarbon dating of bone and tooth together with stable isotope analysis of tooth enamel294 766 

and dental racemization analysis295 can provide police and forensic authorities with an 767 

estimated year of birth, date of death and information about the geographical origin of an 768 

individual 294,296-299. In addition to dental enamel, radiocarbon dating of the eye lens has 769 

identified that the crystalline formation of the lens takes place almost entirely around the time 770 

of birth300 (Figure 7). The precision of radiocarbon dating the eye lens is similar to that of dental 771 

enamel analysis, and has led to the suggestion that the technique could be used as a forensic 772 

tool for age determination301.  773 

[H3] Wildlife conservation and protection 774 

Measurements of bomb peak 14C help to estimate the time of death of an individual animal, and 775 

therefore has a potential to trace products made illegally from the tissue of protected animals 776 

or plants. The Convention on International Trade in Endangered Species of Wild Flora and Fauna 777 

(CITES) was adopted in 1973 in order to ensure that trade in wildlife is legal and sustainable; it 778 

currently covers over 35,000 species. Radiocarbon dating using the bomb peak provides an 779 

excellent tool for the detection of illegal trade of ivory and tissue of other protected animals 302-
780 

306. Combined with stable isotopes, DNA analysis and dendrochronology, radiocarbon dating is 781 

used to monitor trade in timber307,308 or poached cycads309. However, the atmospheric bomb 782 

peak197 is fading due to the Suess effect (BOX 3), and the radiocarbon dating of future specimens 783 

will require the support of the stable carbon isotopes310.  784 

[H3] Biofuels 785 



27 
 

Measurement of 14C also has important applications in discriminating the fossil-derived carbon 786 

fraction from the biogenic-derived carbon fraction in carbon-based compounds. This is 787 

important in the general effort to promote the use of CO2-neutral products, reduce greenhouse 788 

gases emissions and mitigate climate change. Fossil-derived products are completely 14C-789 

depleted, while biogenic products mirror the current radiocarbon atmospheric signal. Simple 790 

isotopic mass balance equations can be used to accurately calculate the proportions of the two 791 

different carbon sources. Several studies have addressed the different methodological aspects 792 

associated with this approach and have assessed the achievable precision and accuracy levels. 793 

Routine analyses are now performed on polymers311, bio-fuels 312,313, synthetic gases314 as well 794 

as flue gases from industrial sources315,316. Radiocarbon dating using both beta- counting317 and 795 

AMS314 techniques is now included in different international protocols such as those of the 796 

International Organization for Standardization (ISO)318 and the American Society for Testing and 797 

Materials (ASTM)319. 798 

[H3] Forgeries 799 

Radiocarbon dating has the potential to detect anachronism of materials of cultural heritage, 800 

which might indicate forgery. The method has been applied to historic forgeries, including 801 

numerous relics created in the Medieval period320, with the most famous being the Shroud of 802 

Turin321. One of the first forgeries detected using radiocarbon dating was the Piltdown Skull, 803 

which had been created to represent an early ancestor to humans predating Homo 804 

heidelbergensis and aged over 500,000 years old, but was ultimately dated to 500-100 years 805 

old322,323.  806 

The variable atmospheric 14C in the period from mid-17th to mid-20th centuries prevents 807 

detection of early forgeries of paintings from these time periods if items were produced 808 

before the onset of the bomb peak (Figure 8). Sometimes radiocarbon dating is used as 809 

additional proof of forgery detected or suggested by art research and paint analysis324,325. 810 

Occasionally, radiocarbon dating may prove insufficient if forgers re-used old canvases, as was 811 

the case for forgeries of famous paintings from the 19th and 20th centuries. The dating of the 812 

organic binding media could provide an alternate solution to this problem, by detecting binder 813 

produced shortly before the production of a counterfeit 326. Forgeries of other objects are 814 

common, and the bomb peak provides an important dating tool in this regard. Current due 815 
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diligence protocols applied by many radiocarbon laboratories71 require documentation of 816 

objects' origin, which may act as an initial filter on the art market. 817 

[H1] Reproducibility and data deposition 818 

Historically, the success of radiocarbon dating relies on reproducibility and inter-comparison 819 

of findings. Multiple laboratories around the world began their radiocarbon dating operations 820 

soon after the method has been established by Libby3,4. In the following decades, conventions 821 

were set and standards defined327. It is worth noting that the initial laboratories used beta-822 

counting, and that the procedures were later adopted for AMS, as many conventional 823 

laboratories became hybrids that used both approaches (for example, Groningen, Glasgow, 824 

Rafter, Arizona, Helsinki, and others).  825 

[H2] Reproducibility  826 

Reproducibility of radiocarbon age is controlled both internally, by analysis of secondary 827 

standards and known-age samples, and externally by international laboratory intercomparison 828 

projects, in which multiple labs measure a single homogenized sample. Scott et al., 328 provide 829 

an overview of the projects performed during the past 3 decades, included a range of material 830 

with ages spanning the last 55,000 years. Intercomparison for specific materials such as 831 

cremated bones329, unburned bones330, wood331 and charcoal332 demonstrate reproducibility 832 

of radiocarbon age as reported in summary publications 69,331  833 

[H2] Publishing 14C ages  834 

The conventional 14C ages (RA) and their one standard deviation (1σ), written as RA ± 1σ 835 

should be published along with calibrated ages, the calibration curve used and the laboratory 836 

number prescribed to the sample by the radiocarbon laboratory. The list of lab codes current 837 

and past is published at radiocarbon.org. The rules have been outlined previously16,17,19, (BOX 838 

1). For archaeological studies, additional guidelines are given333,334. 839 

The practice of publishing all the radiocarbon ages produced by 14C laboratories was 840 

established early335,336 and has been continued by some laboratories, such as the Oxford 841 

laboratory 337. The data lists provide 14C ages, their uncertainty, information on the context 842 

and preparation methods338-340. Otherwise data are published through specific research 843 

publications or may be accessed on request or via the database websites of individual 844 

https://radiocarbon.webhost.uits.arizona.edu/node/11
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Radiocarbon laboratories (ORAU, Gliwice Radiocarbon Laboratory, 14CARHU, Royal Institute for 845 

Cultural Heritage, New Zealand Radiocarbon Database). 846 

The interdisciplinary applications of radiocarbon dating have also resulted in a number of 847 

thematic databases representing the archaeology of specific regions or time periods341-343, 848 

dates of volcanic eruptions344 and ages of soils345, bones346, or seafloor sediments347. There are 849 

also databases that include radiocarbon dates as a part of extensive data sets in the 850 

compilation of climatic records from around the globe 348 (also see Supplementary Table 3). 851 

Users may also refer to the IntCal calibration database, in which all data submitted to IntCal 852 

are publicly available8.  853 

 [H1] Limitations and optimizations 854 

Radiocarbon dating is destructive and requires a certain amount of carbon, so careful 855 

consideration should be given before analysis of very rare or high value materials. The 856 

precision and accuracy of the final calibrated calendar age is affected by both the sample’s size 857 

and its state of preservation. Independent of the precision of analysis, the features of the 858 

calibration curve during the time period to which the sample is dated may also limit the 859 

precision of calibrated ages349. The final limit is imposed on the method by the decay constant 860 

of 14C. All ages close to the limit (older than 40,000 years) have to be considered with caution, 861 

and beyond 55,000 years the method can seldom be applied. 862 

Modern AMS instruments are stable systems with design optimized for 14C analysis, control 863 

software allowing unattended and remotely controlled operations, and have sample 864 

throughput of the order of several thousand per year. Uncertainty levels of 0.2–0.3 % are 865 

routinely achieved for samples younger than 10,000 years corresponding to 1σ of 866 

approximately 15–20 years in the radiocarbon timescale. Sensitivities of the AMS systems for 867 

14C separation allow the measurement of 14C/12C ratios as low as 10-15–10-16, which 868 

corresponds to the machine blank levels of 60,000–70,000 years. Though the achievable 869 

uncertainty levels degenerate as sample age increases, being limited by the statistics 870 

associated with 14C counting, the main factor limiting resolution appears to be related to the 871 

calibration stage. As shown in Figure 5, while monotonic parts of the calibration curve can 872 

result in monomodal, Gaussian-like probability distributions of calendar ages whose width is 873 

defined by the curve steepness, sections with high fluctuation result in multimodal 874 

https://c14.arch.ox.ac.uk/databases.html
http://www.carbon14.pl/IB_Grdb/index.html
https://www.oasisnorth.org/carhu.html
http://c14.kikirpa.be/search.php
http://c14.kikirpa.be/search.php
https://www.waikato.ac.nz/nzcd/
http://intcal.org/
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distributions and separate time intervals350. This is an intrinsic and unavoidable limitation of 875 

the method which, in some cases, makes interpretation of 14C dating results ambiguous. The 876 

single-year record of the atmospheric 14C included in part of the current calibration curve 877 

(IntCal20)8 facilitates more accurate calibration of high-resolution measurements, though not 878 

necessarily more precise depending on the higher resolved shape of the curve. However 879 

IntCal20 does improve both precision and accuracy in cases where Bayesian wiggle-matching 880 

[G] can be employed using absolute or relative dating information available from tree-ring, 881 

varve sequences, high-resolution sampling or by dense archeological stratigraphy as a 882 

statistical constraint during calibration, or when large and rapid excursions in the 14C 883 

calibration curve can be used as temporal anchor points to produce calendar year dates in 884 

combination with tree-ring methodologies176,351. The other intrinsic limit is related to the 885 

analysis of samples with ages older than ~40,000 years and close to the limit of the method. 886 

For these samples large uncertainties are already associated with 14C determination as due to 887 

the limited number of residual 14C atoms while the relative effect of blank correction becomes 888 

larger, further reducing precision and time resolution352. 889 

Independent of analytical and methodological limitations, radiocarbon dating can fail or 890 

provide inconclusive answers due to the limited budget dedicated to the analysis. Close 891 

collaboration with radiocarbon research laboratories is a possible solution to this problem.  892 

[H1] Outlook 893 

[H2] Measurement techniques  894 

From the technical and instrumental point of view the main developments will likely be a 895 

further downscaling of AMS spectrometer dimensions. This trend started 10–15 years ago, 896 

mainly due to the pioneering work at the Laboratory for Ion Beam Physics at ETH Zurich. Since 897 

then, many of the criterions from the early days of AMS have been broken. For example, the 898 

need for a post-stripping of high positive charge states and then high acceleration voltages (2–899 

3 MV) for effective removal of molecular isobaric interferences, are no longer necessary. 900 

A different route towards machine size reduction is the use of positive ion mass spectrometry. 901 

First developed at the Scottish Universities Environmental Research Centre (SUERC), this 902 

technique is based on the use of positive carbon ions produced from CO2 in an electron 903 

cycolotron resonance ion source and then accelerated towards a charge-exchange gas cell. 904 
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Here positive ions charge-exchange to negative ones, allowing the effective removal of 905 

interfering hydrocarbons and nitrogen48. 906 

Installation investments and infrastructure costs have significantly decreased at the same time 907 

as the equipment has become more compact and easy to operate and maintain. These 908 

improvements will allow an increasing number of radiocarbon measurements to be performed 909 

in various facilities, completely different from the early days. Integrated designs are also being 910 

developed to facilitate measurement of different quantities and parameters simultaneously 911 

from the same sample. This is already the case for combined elemental analyzer-isotope ratio 912 

mass spectrometry-AMS systems (EA-IRMS-AMS), which can measure carbon and nitrogen 913 

stable isotopes, concentration and radiocarbon age353,354. 914 

[H2] Expanding applications  915 

The future of radiocarbon analysis rests in the variety of possible applications, which are 916 

facilitated by the technical and methodological developments of last two decades. The 917 

dynamic field of CSRA, which relies on microgram-size samples, is expanding from studies of 918 

sedimentary records to art and archeology. There is a growing trend to use specific molecules 919 

to date and trace the sources of environmental carbon63,355. In archeology, analysis of specific 920 

biomarkers, for example in pottery126 or bones356, indicates increased potential for using CSRA 921 

to analyze cultural heritage objects.  922 

As AMS continues to improve and it becomes possible to measure smaller and smaller 923 

samples, the applications of radiocarbon dating will continue to grow. While radiocarbon 924 

dating of biological samples now offers powerful insights into the regenerative potential of 925 

different tissues and organs in the human brain and body, currently many structures are 926 

limited by their size and the ability to isolate 5 million or more cells, or only small biopsy 927 

samples are available. Similarly, as scientists’ efforts to isolate and purify subcellular structures 928 

improve, deeper questions about human cell biology can be approached, such as how nuclear 929 

pore protein and mitochondrial turnover impact health, aging and disease. The speed and 930 

accessibility of radiocarbon dating has enabled new applications, like in species conservation; 931 

radiocarbon dating has been used in determining the age of sharks357,358. These studies 932 

demonstrated that sharks can live considerably longer than expected and raise concerns that 933 

specific shark populations may be considerably more sensitive to human-induced mortality 934 
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than previously thought. Radiocarbon dating may thus have even broader applications for 935 

species conservation. 936 

[H2] Single year tree-ring 14C  937 

Improvements in AMS dating have also made it feasible to construct multi-millennial 938 

sequences of annually resolved atmospheric 14C from calendar dated tree-rings from a wide 939 

range of growth locations in the Northern and Southern hemispheres. This opens up a wide 940 

range of new possibilities for exploration. Such data will be used to fine-tune the structure of 941 

future calibration curves for the last 14,000 years — currently much of this period is still based 942 

on measurements of blocks of 10 or more tree-rings. As precision and accuracy of radiocarbon 943 

dating instrumentation improves, the development of new ways to approach subtle regional 944 

14C fluctuations related to growing season or the latitude of the samples will increase. The 945 

geographic coverage of the tree-ring record has some limitations in this regard because 946 

certain regions near the equator, for which annual 14C data for calibration would be most 947 

important due to shifting of the intertropical convergence zone, do not typically produce tree-948 

ring series suitable for conventional tree-ring dating methods. However new approaches using 949 

stable isotope pattern matching359 or chemical boundary identification may provide new 950 

resources going forward.  951 

These multi-millennial sequences will be invaluable in reconstructing the solar histories 952 

necessary for prediction and mitigation of future solar storms which threaten our modern 953 

technological infrastructure, and for applications in multi-proxy synchronisation such as 954 

synchronizing sequences of contemporaneously produced cosmogenic 10Be from ice cores and 955 

14C from calendar dated tree-ring sequences360. These have also been used to reconstruct 956 

solar cycles361 and to examine this in combination with other tree-ring signals to understand 957 

the impacts of past solar activity on climate362. This work seems set to expand and diversify 958 

considerably over the coming years. 959 
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The net result is that 14N (7p+7n) is transformed into 14C (8n+6p) with the addition of one neutron and 2066 

loss of one proton. (D) The nuclei of 14C are radioactive and decay with a half-life of 5700 ± 30 years6. 2067 

This half-life differs from the Libby half-life value of 5568 ± 30 years363 as well as from the Cambridge 2068 

half-life of 5730 ± 40 years364. Radiocarbon ages are calculated using the Libby half-life, and are 2069 

therefore not affected by the change in T1/2. The mean lifetime of 14C is around 8223 years. (E) 2070 

Spontaneous ejection of an electron and an anti-neutrino in 14C decay results in the atom once again 2071 

becoming 14N.  2072 

 2073 

Figure 2. AMS 14C analysis process. Samples are pre-treated according to requirements based 2074 

on the sample, site and application. The purified material is transformed to CO2 by oxidation, 2075 

thermal decomposition or hydrolysis, depending on sample type. The CO2 obtained from 2076 

milligram-sized samples is then either graphitized or transferred directly into the sputtering 2077 

ion source of the AMS system, when smaller i.e., µg-sized. The negative ion beam of carbon 2078 

passes through various filters to remove isobaric interferences. In this process, electrostatic 2079 

analyzers (ESA) bend the ions' trajectories depending on their energy-to-charge ratio. 2080 

Magnetic elements (magnets I and II) separate ions depending on their magnetic rigidity, 2081 

which are dependent on mass and velocity. Magnet I separates mass 12, 13, and 14 amu 2082 

beams, which are sequentially injected into the high-voltage stage. Here, unwanted molecular 2083 

isobaric interferences such as 12CH-, 12CH2- and 13CH- are broken in collisions with a low-density 2084 

gas, called the stripper. In this process they lose electrons and charge exchange to positive 2085 

ions which are further accelerated. In the high-energy spectrometer, magnet II separates 2086 

molecular fragments from the required radiocarbon and the stable carbon isotopes. The latter 2087 

are measured as ion currents in a Faraday cup. The second ESA is used to further filter atomic 2088 

ions of mass 14 amu, allowing the detection of 14C by single ion-detecting techniques: either 2089 

gas-filled ionization chambers or semiconductor detectors. Obtained isotope ratios are 2090 

compared to those of reference materials analyzed under the same measurement conditions 2091 

to calculate F14C and radiocarbon age.  2092 

Figure 3. Calibration curve and precision of calendar ages. Known‐age samples such as 2093 

calendar dated tree‐rings extending back to 13,900 calendar age counted backwards from 2094 

1950 CE (cal BP) or other independently‐dated records such as from speleothems, lake 2095 

sediments, corals and stalagmites8 are used to generate radiocarbon measurements in 2096 

radiocarbon years BP (where 0 BP = 1950 CE) for calibration. (A) The INTCAL20
8
 calibration 2097 
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curve for the terrestrial Northern Hemisphere. Radiocarbon years BP / Δ14C are plotted on the 2098 

Y axis, the calibrated date equivalent is plotted along the X axis in either cal BP (calendar ages 2099 

counted backwards from 1950 CE), AD/CE or BC/BCE. The visible offset between radiocarbon 2100 

time scale and the calendar time scale (1:1 between time scales is shown as dashed line) is due 2101 

to calculated radiocarbon age using an underestimated half‐life and due to the variable 2102 

atmospheric 14C content. Conversion of radiocarbon years BP to Δ14C provides a more direct 2103 

record of increases and decreases in atmospheric 14C through time by removing fractionation 2104 

effects. When Δ14C is increasing slopes are produced in the calibration curve, when it is 2105 

decreasing plateaus occur. (B) Calibration and the effects of curve shape. Hypothetical 2106 

radiocarbon measurements of a textile, skull and charred seeds with equal uncertainly 1σ. 2107 

Horizontal lines from the measured radiocarbon age (RA) + 2σ and RA ‐ 2σ intersect with the 2108 

calibration curve. At the point of intersection, the calibrated age can be read on the X‐axis as 2109 

calendar age, either AD/CE or BC/BCE. Measurements for the textile correspond to a period of 2110 

increasing Δ14C (beige line), resulting in a precise date range (green). The age of skull 2111 

corresponds to a period of decreasing Δ14C, yielding a less precise range (purple). The 2112 

radiocarbon age of the charred seeds intersects the curve during a period of more frequent 2113 

changes in Δ14C, which produce multi‐modal probability distributions (yellow). (C) Output plots 2114 

of calibration. The pair of darker blue curves demarks the calibration curve and the shaded 2115 

blue area between represents its uncertainly (plus and minus one standard deviation), the red 2116 

curve on the left indicates the radiocarbon concentration in the sample. The gray histograms 2117 

show the range of possible ages for the samples at 2σ level or 95.4 % confidence level shown 2118 

as ranges below histograms. (Ca) The radiocarbon age of the textile is 2600 ± 20 BP calibrates 2119 

to the slope preceding the plateau, resulting in calendar age between 806 and 776 BCE. (Cb) 2120 

The age of 2460 ± 20BP for the skull corresponds to the plateau, resulting in a wide age 2121 

interval between 755 and 420 BCE. (Cc) The radiocarbon age of the charred seeds is 2160 ± 20 2122 

BP, which calibrates to two distinct intervals: 352—287 BCE and 228–219 and 211–109 BCE. 2123 

Figure 4 Calibration of radiocarbon ages. Examples of calibration using the OxCal calibration 2124 

software98. (a) Samples with F14C < 1 (positive radiocarbon age — 4b) are calibrated with 2125 

IntCal20 data8, while samples with F14C > 1 (negative radiocarbon age — 4c) are calibrated with 2126 

bomb peak data101. (b) A medieval age of 700 ± 20 BP is calibrated with IntCal20 data, as an 2127 

example of positive radiocarbon age. The resulting calendar age encompasses two intervals: 2128 
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1274–1303 CE and 1368–1380 CE (95.4% confidence level). (c) On a sample with F14C = 1.5 ± 2129 

0.003 (negative radiocarbon age), the bomb peak is used for calibration. Due to the rising and 2130 

declining features of the bomb peak the measured value corresponds to two calendar time 2131 

intervals: year 1963 CE and 1970–1972 CE. 2132 

Figure 5. Bayesian Modelling in radiocarbon dating. (a) The Bayesian approach to 14C data 2133 

analysis is an iterative process where, once obtained, the posterior distribution is checked to be 2134 

statistically consistent with the set of data and the prior information103,365 . When this 2135 

agreement is not satisfactory a refinement of the model or the identification of possible outliers 2136 

in the data are needed; t is the set of parameters, d the data or measurements made and P(t) is 2137 

the prior or the information available about the parameters independent of the measurements. 2138 

P(d|t) is the likelihood that d is true given that t is true. P(t|d) is also a conditional probability, 2139 

that t is true given that d is true. P(t|d) is the posterior probability, given the measurements and 2140 

the prior. (b) Example of a prior: Deposited material events (Soppi) occurred in a certain 2141 

sequence over time (ti), one after the other (ti < ti+1) , which is defined by a certain order (Depthi 2142 

< Depthi+1). Input of 14C ages obtained for a sequence of samples in sediment core using the 2143 

OxCal model 98,366 provides (c) a model of the age-depth relationship of calibrated ages for the 2144 

Soppi samples (5b). d) The probability distribution of a typical calibration if radiocarbon age (red 2145 

curve) is shown as a light grey curve on the X-axis. As a result of the model, some regions of 2146 

calendar ages are excluded resulting in higher precision of calendar age, represented by the 2147 

dark grey curve on the X-axis. Agreement Index is an indicator of the match between the data 2148 

and the model. 2149 

Figure 6. Radiocarbon dating of sedimentary records. Terrestrial or marine sediments, soils and peat 2150 

sections can provide information about chronology and carbon sources. (a) Sampling of bulk sediments 2151 

is followed by sieving so that different fractions can provide different information. (b) Macro remains 2152 

(terrestrial) or hand-picked foraminifera shells (marine) are subjected to radiocarbon dating analysis. 2153 

The resulting radiocarbon ages of terrestrial macro remains or foraminifera are used to construct age-2154 

depth model. Radiocarbon ages of total organic carbon (fine fraction < 150 µm to remove roots)367 can 2155 

be compared with terrestrial macrofossils for evaluation of reservoir ages.  (c) Chromatographic 2156 

separation of biomarkers for radiocarbon dating (CSRA)63,368 allows tracing different sources and 2157 

processes such as mobilization and transport of old carbon stored in soils. The increasing offset of 2158 

radiocarbon ages measured of the long chain n-alkanes (C27–C31) was observed in the top 300 cm of 2159 
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well-dated sedimentary records from Soppensee105. The change occurred around 4,000 years BP 2160 

following the first human occupation in the region at around 4,500 years BP369.  2161 

 2162 

Figure 7. Distribution of 14C in human body. The bomb peak provides a unique opportunity for 2163 

biomedical studies to measure cell formation and turnover rates in the human body. (a) Carbon is 2164 

obtained from dietary sources and integrated into human tissues. With the exception of fish and other 2165 

aquatic organisms, dietary sources reflect the 14C content of the atmosphere. Depending on the 2166 

tissue’s turnaround time, the 14C concentration measured in different sources and tissues will differ. (b) 2167 

F14C measured in various tissues and organs from a person born in 1965 show that eye lens 2168 

proteins300,301 and neurons from the cerebral cortex248 retain carbon corresponding to the year of the 2169 

birth. Tooth enamel does not turnover carbon after the completion of enamel formation, allowing it to 2170 

be used forensically to determine the date of birth of an individual297. F14C analyses in other organs 2171 

provide insight to the dynamics of cell and tissue formation and turnover rates, like the renewal of 2172 

cardiomyocytes in the heart muscle decreases with age254, and the formation of cartilage and Achilles 2173 

tendon is completed before adulthood370,371. The F14C in fat cells, blood, nails, hair, skin collagen and 2174 

bone lipids, which are constantly renewing, is in equilibrium with the diet’s 14C signature 256 372. 2175 

 2176 

Fig. 8. 14C analysis of cultural heritage items and detection of forgeries.  (a) Examples of 2177 

objects that can be analyzed. Paintings are often analyzed, while musical instruments are not 2178 

common, but here represent all wooden objects. (b) Fragments of materials such as paint 2179 

(lead white), canvas or wood are inspected under a stereomicroscope, and analysed using 2180 

arrange of techniques including FTIR274,275, Raman spectroscopy373,374, XRF276, XRD375, GC-MS 2181 

277-280 to assist in the formulation of appropriate research questions and sampling strategies. 2182 

Ethical guidelines of sampling and dating cultural heritage items must be observed71-73  (c) Two 2183 

radiocarbon dates measured on the paint (Ca) and canvas (Cb) imply a case of a forgery: as indicated by 2184 

the F14C >1 obtained from the binding media in the paint326, whereas the canvas (Radiocarbon age: 150 2185 

± 20 years BP) dates to time between 1669 and 1950 CE (95.4% confidence level). The radiocarbon 2186 

dating of a canvas from this period is an example of the problem caused by Stradivarius plateau51. (Cc) 2187 

The radiocarbon dating of the wood sample (radiocarbon age: 250 ± 20 years BP) is also affected: three 2188 

age intervals are possible between 1529 and 1799 CE (95.4% confidence level). Precision would be 2189 

improved by dating a sequence of samples. 2190 

 2191 

Boxes 2192 



59 
 

 2193 

BOX 1: Radiocarbon dating  2194 

 Activity: 2195 

A=ʎ N  the number of disintegrations per time unit, proportional to the number of nuclei N and ʎ the 2196 

decay constant 2197 

Measurements of 14C activity:  2198 

Beta-counting: electrons released by 14C using GPC or LSC 2199 

Accelerator Mass Spectrometry (AMS): 14C atoms, 14C/12C ratio 2200 

 2201 

Libby’s Radiocarbon Age: 2202 

After t years from the formation of material, the sample’s 14C activity is A, which is proportional to the 2203 

number of nuclei and the decay constant. 2204 

Elapsed time can be measured from the moment of death or deposition: 2205 

t= –8033ln (A/A0) 2206 

A = radiocarbon activity at the time of dating 2207 

A0 = initial radiocarbon activity at the time t0 (deposition, formation, death) 2208 

T[1/2]Libby /ln2 = 8033 years, where T[1/2]Libby = 5568 years — the Libby half-life 2209 

 2210 

Radiocarbon Age= –8033ln F14C 2211 

F14C = ASample/AStandard 2212 

Activity ratio of the measured sample relative to reference material (95% of the activity of HOx1 in year 2213 

1950 CE) normalized for 𝛿13C i.e., isotopic fractionation16. 2214 

 2215 

For a comprehensive summary of terminology and units used in radiocarbon dating see 16,20,21 2216 

 2217 
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 2218 

 BOX 2 : 14C sample Preparation  2219 

 2220 

Step 1: Pre-screening and monitoring of sample purity 2221 

Aim: Investigation of the degree of purity and/or the preservation quality of the sample. This allows the 2222 

most suitable analytical approach (step 2) to be chosen. 2223 

--investigation of the purity, preservation of material 2224 

 Visual, UV light, polarized light microscopy, SEM376,377 2225 

 Spectroscopy (IR54,58,60,61,378-380, Raman58,279,381-386 , XRF279,387, XRD279, X-Ray388) 2226 

 Pyrolysis–gas chromatography–mass spectrometry Py-GS-MS57,389-394, thermal gravimetric 2227 

analysis TGA386, Nuclear magnetic resonance spectroscopy NMR395  2228 

 %C and N 54,396 2229 

Step 2: Isolation of carbon for measurement 2230 

Aim: Removal of carbon that is not of interest for measurement from the sample: 2231 

--removal of exogenous carbon 2232 

 Physical (washing, ultrasonic baths, sieving, manual selection, removal of surface)61,62 2233 

 Chemical (Acid, Base, solvents, oxidation, leaching with acid, bleach)61,62,397 2234 

--selection and extraction of endogenous carbon if a particular compound or compound class is required 2235 

for measurement 2236 

 Compound specific (cellulose398-401, amino acids bones120, biomarkers44,63-66,402-406) 2237 

 DNA246 2238 

 Thermal decomposition (lead white407,408, mortar409) 2239 
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 Step combustion397,410 2240 

 Sequential dissolution411 2241 

Step 3: Conversion of isolated sample carbon to CO2 or elemental C for measurement  2242 

Aim: remove non-carbonaceous components of the sample prior to measurement and convert sample 2243 

C into a form suitable for AMS measurement. If measurement is to be performed by liquid scintillation 2244 

or gas proportional counting, this step involves conversion of sample C into a form suitable for these 2245 

methods (e.g. C6H6 in the case of liquid scintillation counting)25 2246 

--Conversion of all carbonaceous compounds in the sample to CO2 2247 

 Combustion in Vycor tubes 412 2248 

 Combustion in EA413-415 2249 

 ramped pyrolysis/oxidation273,410 2250 

 UV-oxidation416 2251 

 Wet-oxidation 45,417 2252 

 Acid hydrolysis 46,418,419 2253 

 Trapping CO2 420,421 2254 

 Laser Ablation 47,97 2255 

 Plasma422,423 2256 

Sample preparation may be complete after this stage, if the AMS measurement will involve a gas ion 2257 

source 2258 

-- Conversion of the sample CO2 to graphite following one of the methods above 2259 

 H2 &Co/ Fe catalyser14,424,425  2260 

 Closed tubes Fe/Zn426-428 and Mn429reduction 2261 

 2262 

 2263 

BOX 3: Variability of atmospheric 14C  2264 

 2265 

Incoming cosmic radiation leads to the production of neutrons which react with nitrogen to form 14C in 2266 

the upper atmosphere. This radiocarbon is quickly oxidized and mixed in the Earth’s atmosphere. It 2267 

enters the biosphere via photosynthesis and the food chain, and the hydrosphere via gas exchange. 2268 

Atmospheric 14C concentration fluctuates around 1.8×10-12 (by conventional pre-industrial levels). The 2269 

various reservoirs of carbon have concentration equal to the atmosphere or lower in the deep ocean430. 2270 

Production rate 2271 

Variable geomagnetic shielding179, solar activity361 and so called cosmic events169-171 are the mechanisms 2272 

behind changes in production of 14C, which modulate the (14C/12C)atm. In general, weak shielding 2273 

translates into higher production rate and higher (14C/12C)atm. 2274 
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Global Carbon Cycle 2275 

The ocean is the largest of the carbon pools430 with a long turnover time (~2,000 years), therefore 2276 

changes in ocean circulation have an impact on the (14C/12C)atm. Other reservoirs such as soil, peat, 2277 

permafrost and sediments, which have capacity to store carbon can be sources of old carbon, and 2278 

therefore have an impact on the (14C/12C)atm. 2279 

Anthropogenic Effects 2280 

Following Industrialization the combustion of fossil fuels has lowered the (14C/12C)atm. This anthropogenic 2281 

effect was first observed by H. Suess in  tree-rings431. The impact of the Suess effect has been obscured 2282 

by artificial production of 14C in the nuclear tests of 1952–1963 when atmospheric F14C was doubled101,432 2283 

and 14C signal was also transferred into the other reservoirs. However, as the combustion of fossil fuels 2284 

continues the Suess effect is again becoming the prevailing anthropogenic effect197. Increasingly, 2285 

radiocarbon analysis performed in any type of archive functions as a tracer of anthropogenic activity 433-
2286 

435. 2287 

 2288 

  2289 
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 2290 

BOX 4: Bomb peak 14C  2291 

 2292 

The development and testing of powerful hydrogen bombs in 1952 led to the fallout of radionuclides436, 2293 

and affected (14C/12C)atm, known as the bomb peak. The 14C bomb peak effect is observed as an excess in 2294 

14C concentration (above natural level) and measured in material that was formed between 1954 and 2295 

current year. Following the Nuclear Ban Treaty in 1963 the excess levels of 14C decreased with transfer 2296 

to other reservoirs, mainly oceans, and the (Suess effect)431. The distribution of bomb 14C around the 2297 

globe is not uniform and requires the compilation of data sets for different geographic regions 101. The 2298 

signal of artificial 14C provides a unique geochronological tool437 as well as an environmental tracer as 2299 

the atmospheric 14CO2 marked by bomb 14C is exchanged between carbon reservoirs. Bomb peak analysis 2300 

is used to study ocean circulation, human tissue turnover time, forensic anthropology, transport and 2301 

storage of carbon between carbon pools, detection of forgeries, illegal wildlife products trade, aging of 2302 

fish and annual tree-ring growth. Because of the Suess effect and decreasing (14C/12C)atm 197 bomb peak 2303 

radiocarbon dating will require the support of other methods such as the use of stable carbon isotopes310 2304 

 2305 

 2306 

BOX 5: Requirements and checks for dating of biological samples  2307 

 2308 

Prior to deciding whether to use radiocarbon dating, it is important to determine whether the cell type 2309 

of interest can be isolated with close to 100% purity, and whether enough cells will be obtained for 2310 

radiocarbon dating. 2311 

 2312 

To date genomic DNA to determine cell age and turnover, with current AMS limitations regarding sample 2313 

size, a minimum of 5 × 106 cells is needed, assuming that one-third of DNA is carbon and a normal diploid 2314 

cell contains approximately 6 picograms of carbon. This cell yield is not possible for all biological 2315 

structures. 2316 

 2317 

If yield and purity are possible, then specific DNA extraction protocols have been developed to avoid 2318 

contaminating the DNA sample with exogenous carbon246,250,255,256. Petroleum-derived carbon sources 2319 

may introduce trace amounts of 14C-depleted carbon into the sample, depressing 14C values and resulting 2320 

in false age estimates. Similarly, RNA, protein or lipid contamination will also impact results, introducing 2321 

non-DNA sources of carbon. Trace amounts of contamination in large samples can be tolerated without 2322 

too much impact on age estimates, however when working with DNA to determine cell age, samples are 2323 

rarely large and small sources of contamination can significantly impact results and age estimates. 2324 
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Stringent checks should be put in place, including assessing samples for DNA purity, as well as measuring 2325 

the amount of DNA in the sample to be measured and comparing against the amount of carbon 2326 

measured, which can indicate contamination with non-DNA sources of carbon. Control DNA samples of 2327 

known age are good reference samples to be included in each test run. 2328 

 2329 

Glossary 2330 

 2331 

Global carbon cycle: Exchanges of carbon between carbon reservoirs, including the atmosphere, 2332 

biosphere, oceans and sedimentary deposits. 2333 

Radiocarbon calibration curves: Experimental reconstruction of past atmospheric 14C 2334 

recorded in tree-rings and other independently dated samples like speleothems, marine corals 2335 

and laminated sediments. 2336 

Isobar: atoms of different elements or molecules with the same atomic mass 2337 

Archives: natural records of information about the past environment such as; sediments, soils, 2338 

peat bogs, cave deposits, corals and tree-rings 2339 

Reservoir effect: an apparent age of material due to mixed carbon sources when old carbon is 2340 

added to atmospheric CO2. 2341 

Isotope fractionation: enrichment of one isotope relative to another due to chemical 2342 

reactions or physical processes  2343 

Activity ratio:  2344 

Constant mass contamination correction: mass and 14C signature of contamination as 2345 

evaluated for specific preparation process to correct for exogenous carbon introduced to 2346 

samples containing tens of micrograms of carbon. 2347 

Marine radiocarbon reservoir effect: an offset in 14C age between contemporaneous 2348 

organisms from the terrestrial environment and organisms that derive their carbon from the 2349 

marine environment. 2350 

Freshwater reservoir effect: anomalously old radiocarbon ages of samples from lakes and 2351 

rivers due to water rich in dissolved 14C-free calcium carbonates. 2352 



65 
 

Dead carbon fraction: the amount of radioactively dead carbon that reduces the 14C content 2353 

in speleothems. 2354 

Diagenesis: combination of physical, chemical and biological processes that occur in a 2355 

sample after the deposit. 2356 

Compound-specific radiocarbon analysis: radiocarbon analysis of individual organic 2357 

compounds (biomarkers) such as lipids, fatty acids, proteins and waxes of a specific molecular 2358 

size after chromatographic separation  2359 

Phytoliths: silica structures formed in plant tissues by the uptake and storage of silica from 2360 

soil, which occlude and preserve organic carbon 2361 

Proxy data: data gathered from natural archives of climate variability, such as tree-rings, ice 2362 

cores, fossil pollen, ocean sediments, coral and historical data.  2363 

Solar energetic particles: high-energy particles protons, electrons and high-energy nuclei coming from the 2364 

sun. 2365 

Mycorrhizal symbiosis: exchange of photosynthesized carbon for mineral nutrients obtained 2366 

by mycorrhizal fungi 2367 

Saprotroph: organism that feeds on nonliving organic matter and has ability to decompose 2368 

Ventilation: the amount of time since a water particle last interacted with the atmosphere 2369 

Curve of Knowns: the first radiocarbon ages of well-dated historic items and wood published 2370 

in 1949 by Arnold and Libby, proving the principle of the method 2371 

Vinci and Stradivarius age plateau: time periods 1450 – 1650 CE and 1700 – 1950 CE marked 2372 

by nearly constant radiocarbon ages where calibrated ages result in multiple intervals 2373 

Bayesian wiggle-matching: calibration of a sequence of radiocarbon ages with a known time 2374 

gap between them such as number of tree-rings. 2375 

 2376 

 2377 

 2378 
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