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ABSTRACT. The main force driving technical development of the radiocarbon dating technique is the wide spectrum of
applicationsthat cross interdisciplinary boundaries of Earth and social sciences. This paper providesavery brief overview of
some of the many applications of *C analysisto various studies of human origin and migration, cultures and history, past and
present environment, and the human body itself.

INTRODUCTION

From the early days of radiocarbon dating, 2 fieldswere clearly very interested in this method. Both
archaeology and Earth sciences had their share in the establishment of 14C dating. The first 1*C ages
produced on archaeological and geologica samples of “known age” illustrated the potential carried
by the new method for these 2 research fields (Arnold and Libby 1949).

Wood samples from the Egyptian tombs of Zoser at Sakkara and Sneferu of Meydum were the very
first archaeological objects 14C dated (Libby et al. 1949) and were used to build the “Curve of
Knowns.” Sixty years ago, *C dating required several grams of materia; therefore, very few pre-
cious objects could have been dated. Nevertheless, the number of dated samples grew rapidly
(Polach 1980). 14C ages revolutionized archaeology by providing a timescal e that was independent
of other studies (Libby 1980). At present, archaeology is the main 1#C application field, fostering
close collaboration between archaeol ogists and 14C specialists in various projects.

Quaternary geosciences studies are the second most important application of the 1C dating method,
and have supported the field from the very early days. Soon after publication of the first 14C ages,
new 14C |aboratories were established to measure the time observed in deposits studied across the
world. Now, high-quality and high-resolution data are requested from 14C labs. Aswith archaeol ogy,
Quaternary studies pace the development of the 1C dating method.

The advent of the accel erator mass spectrometry (AMS) technique about 30 yr ago isthe best exam-
ple of the interaction between these fields: the technical development pioneered by physicists was
inspired by the need for solutions to problems such as dating of precious objectsin archaeology (e.g.
the Shroud of Turin). The ability to count the 14C atoms remaining in the studied object instead of
counting the decay rate revol utionized 14C dating by downscaling the sample size required for age
determination. In effect, new possibilities opened for dating unique objects. In response to this
development, archaeology and Quaternary appli cations studies expanded, resulting in new problems
to be addressed and solved. Moreover, new applications such as biomedical and environmental stud-
ies joined the spectrum of applications.

From this perspective, the last 60 yr of 14C dating applications appears as a continuous i nterdiscipli-
nary dialogue supporting the development of the method and expansion of the fields of application.

OVERVIEW OF SAMPLES TYPES SUBMITTED TO RADIOCARBON LABORATORIES

Each of the applications of 14C dating is characterized by the specific type of samples needed for 14C
dating. Figure 1 shows a breakdown of the most common materials submitted to the AMS 14C lab-
oratory at ETH, Zurich, during the last 15 yr. The most common samples are wood and charcoal,
which are used by archaeology and Quaternary studies. The next group is bones, which are mainly
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used in archaeology; however, some bone samples are used for Quaternary or forensic studies. The
next largest group of samplesistextiles, followed by foraminiferaand mollusk shells, which aretyp-
ically used in Quaternary studies. Sometimes mollusk shells are also used in archaeology, being the
byproduct or rubbish/garbage found in remains of prehistoric human settlements. Quaternary stud-
ies and archaeology rely on 14C ages obtained on terrestrial macrofossils, which are short-lived and
free of reservoir age. Dating of the total organic carbon in the bulk sedimentsis often the only pos-
sible way to obtain the 1*C chronology for some lake sediments and decomposed peat. 14C dating of
various fractions of organic carbon in soil is also used to study the turnover time of the sails. Dis-
solved inorganic carbon in groundwater and ocean water is dated for environmental/paleoclimate
studies or oceanography. A small portion of samplesincludes very specific materialsthat sometimes
show up in the preparation line. These often address unusual questions that can be answered by 14C
measurements.
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Figure 1 Breakdown of different samples types submitted to the ETH AM S 14C dating laboratory during thelast 15 yr

OVERVIEW OF APPLICATIONS
Archaeology: Studies of Human History for the Last 50-60 kyr

The most common samples submitted for 14C dating are bones and charcoal. Less common aretis-
sue and textile samples, hair and leather, which decompose quickly when in unfavorable conditions.
Depending on the location of the archaeological sites, studies have their focus on different periods.
For example, most of the 14C ages obtained during the last 10 yr for 1 archaeological institution in
Switzerland are younger than 4000 BP; however, a small portion (16 samples out of 305) indicates
the presence of sites dating between 5000 and 11,200 BP.
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Our example from Switzerland reflects the tendency in Europe, where most archaeol ogical finds are
younger than 10 kyr BP. Nevertheless, 14C ages are also obtained for the early Neolithic and
Mesolithic. Nearly 800 charcoal samples recovered during extensive archaeological excavations
accompanying the highway construction around Lake Neuchétel, Switzerland, documented the
whole spectrum of human occupational activities between 14,000 cal BP and the present (unpub-
lished data, Archaeological Survey of Neuchétel, Switzerland).

World archaeology might have different age distribution, and local patterns influence the distribu-
tion of 14C ages of individual |aboratories dependent on the projects. One international project in
which ETH laboratory was involved was the construction of the chronology of Scythian burials at
Pazyryk and Ulandryk in the Altai Mountains. The Scythian kurgans (tombs) found in the steppes
of Eurasiareveal remains of the fascinating world left behind by nomadic people who were known
for their love of horses and gold (Bachrach 1971). Despite the fact that organic matter was well pre-
served in the permafrost environment, precise dating of the kurgans posed a challenge. Due to the
14C age plateau at 2500 BP, calibrated ages for most of the 14C agesfall into the period between 700
and 300 BC. However, the trunks of larch used for building the tombs were perfectly preserved,
which allowed dendrochronology to be applied. The combination of 1#C dating and the tree-ring
chronology enables overcoming problems caused by the tentative tree-ring master curve of this
region. A sequence of ages obtained for atree was placed on the calibration curve, which set the cal -
endar age of the last ring in the range between 296 and 330 BC (Figure 2) (Hajdas et al. 2004).
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Figure 2 14C dating of alarch log from the Ulandryk kurgan. The closed circles are 14C ages obtained by Hajdas et al.
(2004); the open circles are data from Slusarenko et al. (2002). Modified from Hajdas et a. (2004).
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Late Paleolithic sites across Europe and Eurasia contain mostly charcoal or bones, which are suit-
ablefor dating. The limit of the 14C dating method at around 50 kyr still allows for 14C dating of the
Middle to Upper Paleolithic transition and the first appearance of anatomically modern humansin
Europe aswell asremains of the last Neanderthals (Conard and Bolus 2003; Conard 2006). Answer-
ing the questions of coexistence of these 2 species relies on accurate chronologies of thistime inter-
val. Some of the 14C ages reported thus far suggest that Neanderthals survived into to the period 30—
40 kyr BP, thus documenting the presence of anatomically modern humans (for discussion, see
Klein 2003). At present, thisis one of the challenges faced by 14C dating, because in this time win-
dow calibration problems add to the problem of 14C dating at the limit of the method.

Quaternary Studies and Climate Change

The last 50 kyr in Earth history includes the last glacia cycle and 11,000 yr of Holocene warm cli-
mate. The changes of climate experienced by the Earth |eft clear imprints on the landscape. 14C dat-
ing of these natural archives provides the time frame for climatic fluctuations. Lake sediments are
usually dated using terrestrial macrofossils, which are free of the “hard water” effect, i.e. old carbon
present in lake water. Total organic carbon is used when the lakeis considered to be free of dissolved
old carbonates washed in from the catchment area.

Deep-sea cores are dated using 14C ages of foraminifera shells. This application only became possi-
ble with the advent of the AM S measurement technique, which replaced dating of bulk carbonate by
decay counting. The periods of interest within the limit of the 1*C dating method include oxygen iso-
tope stage 3, last glacial maximum (LGM)), last deglaciation, and the Holocene. From its early days,
14C dating provided the first numerical ages for the boundaries of these periods. Detection of mil-
lennial timescale fluctuations, the so-called Daansgaard-Oeschger (DO) events, in Greenland ice
cores (Dansgaard et al. 1993) prompted more detailed investigations of continental and marine
records. Moreover, higher resolution is required for observation and correlation of abrupt climatic
events. L eads and lags between changes observed at different sites could only be resolved with good
chronological time frames. These are essential for understanding the mechanisms that caused the
particular events. For example, the timing for the beginning of the Younger Dryas, i.e. the last cold
spell of the Late Glacia observed around 11 and 10 kyr BP in European lakes and peat bogs, was
established using C dating (Mangerud et al. 1974). Many sites around the world have shown
Younger Dryas-type cooling at the end of the Late Glacial with 14C ages close to 11 kyr BP (for a
review, see Peteet 1995). However, it has al so been shown with the help of *4C dating that thetiming
of the Younger Dryas as observed in terrestrial and marine records of the North Atlantic region is
different from the cold reversals at some locations from the Southern Hemisphere (Patagonia and
New Zealand; Hajdas et al. 2003, 2006).

The early 1990s brought attention to another type of climatic event that wasfirst observed in marine
cores recovered from the North Atlantic. Layers of ice-rafted debris (IRD) are found in sediment
cores of the North Atlantic, documenting paths of the iceberg fleets floating southwards (Heinrich
1988; Bond et al. 1992). Chronologies of these cold Heinrich events (HE) are based on 4C dating
of foraminifera shells found in those layers or in sediments bracketing them. Four of the HE
occurred during the last 45 kyr and can be 4C dated. Correlation of globally distributed sites that
record the impact of HEs is quite often based on 14C chronologies (Broecker and Hemming 2001;
Hemming 2004).

Reliable 14C ages are essential for the approaches listed above, especially when the ages are close to
the limit of the method. Removal of contamination is one of the problems addressed by 14C labora-
tories. For example, *C dating of a mammoth find from Niederweningen was performed on mam-
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moth tusk and bones aswell as on peat and wood from the section in which the mammoth was found
(Figure 3). The precleaned gelatin fraction, which was treated with base (Arslanov and Svezhentsev
1993) and/or ultrafiltration (Brown et al. 1988), yielded a consistent 14C age of 45,720 + 710 BP
(Hajdas et al. 2007, 2009). The same age was obtained on a sample taken from the top of the mam-
moth peat layer (Figure 3). The coherent 14C ages suggest the effectiveness of the applied treat-
ments.

. Top of peat layer:
45,430+1020 BP

Mammoth bone:
45,720+710 BP

Figure 3 4C chronology of amammoth find in Niederweningen, Switzerland (Hajdas et al. 2007, 2009)

Another archive of past climate changes is groundwater. Stable isotopes (6D, §13C, §180) and noble
gases (Ar, Kr, Ne, Xe) in groundwater record the temperature of the air at the time of recharge. This
last encounter and exchange of gases with the atmaosphere can be traced back by #C dating of dis-
solved inorganic carbon, DIC (i.e. CO,, HCO®-, CO%"). Studies of the paleo-aquifer around the
world show that during the LGM temperatures were lower by 3-5 °C even at low latitudes (Stute et
al. 19953,b). Figure 4 shows the noble gas temperature reconstructionsin the Sahel region (Beyerle
et al. 2003). The gap in the record observed between 23 and 15 kyr BP indicates reduced groundwa-
ter recharge during the arid LGM.

The Oceans—Present and Past

Most of the *C produced in the atmosphere ends up entering the ocean, which isthe largest carbon
reservoir. CO, exchange rates are based on tracking the dissolved CO, that reflect “bomb peak” 14C,
i.e. the excess of 14C produced artificially during the 19505/60s nuclear tests. Mapping the distribu-
tion of natural *C and bomb 14C allows reconstruction of the ocean circulation. In the GEOSECS
project (1972—78), samples of water were collected from ships crossing the oceans and analyzed for
14C content. In the early days, when the conventional technique required grams of carbon, 200-L
water samples had been collected. These numerous measurements allowed reconstruction of the
regions with sinking water masses (deep-water produced) and the upwelling regions where “old”
waters come to the surface (Broecker et al. 1978, 1985).
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Figure 4 Calibrated #C ages of groundwater provide a timescale for temperature changes (nobel gas temperature
[NGT]) in the Sahel region (Figure 2 from Beyerle et a. 2003). Reprinted with permission.

The pathways of water masses can be traced by 14C dating of fossils in the deep-sea sediments.
Shells of plankton foraminiferaregister the 14C signature of the mixed-layer waters, whereas calcite
of the benthic zooplankton reflects the 14C content of the bottom water (i.e. its 14C age). Pal eoreser-
voir agesareonly partially known at present. However, even thislimited picture suggests significant
fluctuations occurred in the past (Bondevik et a. 2006).

14C Dating and Environmental Studies

Anthropogenic changes in the atmospheric 14C content caused by fossil fuel combustion and the
addition of “14C-free” carbon (Suess effect), as well as the nuclear tests (1*C bomb peak), greatly
affected the 14C dating of the last 150 yr. Measurements of the atmospheric 1C content have been
performed during the last 50 yr (Hua and Barbetti 2004; Levin and Kromer 2004). Stations located
around the world collect air samples from pristine and urban areas. While the bomb 14C, whichisa
very useful tracer for environmental studies (Levin and Hesshaimer 2000), is leveling off mainly
due to the ocean uptake, the fossil fuel impact is observed especialy in the urban regions (Levin et
al. 2008). One of the recent applications of 14C analysis is monitoring biogenic fuel for clandestine
additions of fossil fuel.

Studies of sources of carbonaceous particles (aerosols) in the atmosphere use 14C analysisto deter-
mine portions of the OC (organic carbon, modern) and EC (elemental carbon, fossil fuels) (Currie
et a. 1997). Other environmental studies make use of bomb 4C. For example, estimation of the
turnover time of soils is possible with the help of 1“C measurements made on various fractions
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(pools) of soil organic matter SOM. In a study of Sierra Nevada soils, Trumbore et al. (1996) mea-
sured 14C content of transects of pre- and post-1963 soils. The results showed that fractions with dif-
ferent density have different turnover time. The low-density fraction (<2 g/cm?3) isthe fastest of the
SOM, showing a quick response to the bomb 4C signal and high 4C content for pre-bomb soils.
The hydrolyzable high-density fraction (>2.0 g/cm3) is the intermediate portion reacting slower than
the low-density fraction. The slowest pool is made up of high-density nonhydrolyzable (>2.0 g/cm3)
portions of SOM, which showed the lowest pre-bomb 14C concentrations and lowest impact of
bomb 14C (Figure 5).
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Compound-Specific Radiocarbon Analysis (CSRA)

Thanksto atechnical development allowing 14C analysis of samples containing micrograms of car-
bon, 14C analysis at the molecular level became possible (Currie et al. 1985). Ingalls and Pearson
(2005) gave an overview of the applications developed in the first decade of CSRA. Chromato-
graphic separation and 14C dating of individual biomarkers from deep-sea sediments provide infor-
mation about sources of various components as well as the processes of organic carbon transport,
degradation, and burial. A similar approach can be applied to the determination of various compo-
nents of soils (Rethemeyer et al. 2004). Moreover, attempts are being made to use CSRA to date
paleoproxy records. One of the great dreams of researchers working with sediment cores from the
Southern Ocean, where hardly any foraminifera can be found, is obtaining 14C chronologies of their
records (Zheng et a. 2002). Ingalls et al. (2004) proposed CSRA of diatom frustules, which could
help to bypassthe lack of foraminifera. Another application of CSRA, tested morethan a decade ago
but not fully exploited yet, is dating bone specific amino acids to avoid intrusive carbon that might
alter the 14C age of the bone (Van Klinken et al. 1994).

Biomedical

The subject of 14C in the human body has been studied already in the early years of 14C dating. The
sudden appearance of the bomb peak provided an excellent tracer, which allowed estimation of the
turnover time of carbon in the human body (Broecker et al. 1959; Libby et a. 1964; Nydal et a.
1971). Except for bone collagen, most body organs have a short turnover time and are close to the
contemporary levels of atmospheric 4C. Moreover, the dietary effect (such as the impact of seafood
on 14C content) has been established, which is of great use for 4C dating in archaeological studies
(Harkness and Walton 1972).

Because of the small amount of carbon required (down to 2.5 ng; Ruff et a. 2007), dating of specific
cell types and moleculesisnow possible. A clinical study by Robertson et al. (2001) determined the
formation of senile plagues (SP) and neurofibrillary tangles (NFT). Two characteristic features are
observed in the human brain affected by Alzheimer’s disease. The study aimed to establish the chro-
nological relation between the formation of NFT and SP and the onset of Alzheimer’s symptoms.
Results suggested that in most cases NFT and SP started to accumul ate after thefirst symptomswere
observed.

The existence of the bomb 14C spike provides a marker for the generation born in the late 1950s and
later. As the bomb peak is leveling off, such studies might become less applicable to later genera
tions. Spalding et al. (2005a) applied AMS #C dating of genomic DNA, which retains its original
carbon without exchange. Dating of the formation time of the cells in the various regions of the
human brain can help answer questions of possible neurogenesis. The 14C concentration in genomic
DNA of the cortex neuronsindicated its formation at birth with little indication of later formation of
the neurons (Spalding et a. 20053).

Forensic

Determination of the time of death of an organism is the direct information of 14C dating and is
applied in forensic investigations. 14C dating of aglacier mummy found in the Alpsin 1991 isapop-
ular example of dating discovered human remains. The archaeological context found with Otzi
(named after the Otztal Alps where it was found) indicated that the body was not from the last
decades; instead, it was dated to 4546 + 17 BP, i.e. 3350-3110 BC (Bonani et a. 1994). However,
in some cases such a context ismissing or the time window must be estimated more precisely. Bomb
14C dating is a useful toal for the last 60 yr for it allows pinpointing the time of death (Wild et al.
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2000; Tuniz et al. 2004). It has also been proposed to use 1C dating of tooth enamel to help estimate
the time when the tooth was formed, and therefore the year of the birth (Spalding et al. 2005b).

Art History, Textiles, and Fraud Detection

Art objects have been found in Middle Paleolithic layers, mostly made of bone, antler, or ivory,
which are robust material and can be 14C dated. Typically, however, the pieces are so precious that
their dating is performed on associated material, i.e. bone or charcoa found in the same layer. In
some cases, the AM S technique allowed direct dating of unique objects such as the prehistoric paint-
ings from Chauvet Cave (France), which were created between 29,700 and 32,900 BP (Clottes et al.
1995).

Anoverview of the history of textilesis given by Barber (1992). The first indication of weaving was
found for the early Neolithic. Impressions of textiles discovered in Jarmo, Irag, might be as old as
7000 BC, and alinen cloth created around 6500 BC was found in adry cave in Nahal Hemal, Israel.
In the 1960s, fragments of textiles were recovered from the Anatolian prehistoric town of Catal
Hoyulk that dated back to 6000 BC. The first woven textiles in Egypt appeared around 5000 BC.
Linen textiles from Swiss Neolithic sites date to around 3000 BC. However, most of these objects
are not directly 1#C dated because their discoveries were made before or in the early days of the 14C
dating method.

Following the dating of the Shroud of Turin (Damon et al. 1989), *C dating of unique textiles
became reality. Van Strydonck et al. (2004) compared #C ages of Roman and Coptic textiles with
their art historical dating, showing that the methods provide similar precision. Often discussed are
the “frustrations’ caused by the existence of wiggles in the final 400 yr of the calibration curve.
Many art objects and textiles date to this time period; consequently, their calibrated ages represent
wide ranges of calendar ages, but additiona information (historic notes, ownership record, style,
pigment) can help to narrow the range. For example, the 1*C age of the oldest knotted pile rug found
in Kurgan V of Pazyryk is 2245 + 35 BP (Rageth 1999) and fallsin the region of the age plateau at
2200 BP. However, with the help of chronologies built for Kurgan Il and other kurgans of the
Pazyryk culture, as described above, the calendar age of this textile can be placed between 383 and
238 BC (Hajdas et al. 2004).

Art forgery creates and/or sells works that imitate original pieces of art. There are objects that are
attributed to famous artists but also antique objects that are highly prized because of their age. In
some cases, 14C dating is able to detect false material by measurement of the #C content of the
material used. Most cases are straightforward and forgery is detected as post-AD 1950 products. But
some pieces are created on old materialsin order to bypass the bomb peak signature. Such attempts
indicate that there is a common awareness of the potentials that 14C dating has for the detection of
forgery. However, the ability to acquire material of the desired age in order to produce sophisticated
forgery israther limited.

Recent (post-AD 1950) attemptsto imitate ancient textiles can also be detected. Nearly 1% of all the
textilesdated at the ETH laboratory appear to be post-AD 1950 or modern, i.e. containing bomb 14C.
The forgeries that predate the bomb peak are less obvious and their detection requires expertise in
other parameters such as pigments, styles, etc. Moreover, a possibility of mixing or fabricating
material to obtain the desired *C age cannot be excluded, as reported by Nadeau et a. (2008).
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SUMMARY

As foreseen in the early days of the method, 14C dating can be used in a wide spectrum of applica-
tions in various fields. The methodological and measurement devel opments that happened during
the last 6 decades were only possible because of interdisciplinary collaboration. Also, the future of
14C applications relies on communication between laboratories and the users. The growing number
of laboratories allows much shorter turnaround time for 14C ages and much higher throughput. Thus,
high-resolution chronologies are becoming a common practice. Environmental and biomedical
studies are increasing the sample load, and the dynamic field of CSRA is adding new applications
and giving new opportunities of tracking contamination in samples.
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