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Abstract: This paper gives an overview of the origin of *C, the global carbon cycle, anthropogenic impacts
on the atmospheric **C content and the background of the radiocarbon dating method. For radiocarbon
dating, important aspects are sample preparation and measurement of the C content. Recent advances in
sample preparation allow better understanding of long-standing problems (e.g., contamination of bones),
which helps to improve chronologies. In this review, various preparation techniques applied to typical sample
types are described. Calibration of radiocarbon ages is the final step in establishing chronologies. The present
tree ring chronology-based calibration curve is being constantly pushed back in time beyond the Holocene
and the Late Glacial. A reliable calibration curve covering the last 50,000-55,000 yr is of great importance
for both archaeology as well as geosciences. In recent years, numerous studies have focused on the extension
of the radiocarbon calibration curve (INTCAL working group) and on the reconstruction of palaeo-reservoir
ages for marine records.

[Die Radiokohlenstoffmethode und ihre Anwendung in der Quartirforschung]

Kurzfassung: Dieser Beitrag gibt einen Uberblick tber die Herkunft von Radiokohlenstoff, den globalen
Kohlenstoffkreislauf, anthropogene Einflisse auf das atmosphérische *C und die Grundlagen der Radio-
kohlenstoffmethode. Probenaufbereitung und das Messen der **C Konzentration sind wichtige Aspekte im
Zusammenhang mit der Radiokohlenstoffdatierung. Gegenwartige Fortschritte in der Probenaufbereitung
erlauben ein besseres Verstehen lang bekannter Probleme (z.B. die Kontamination von Knochen) und haben
zu verbesserten Chronologien gefiihrt. In diesem Uberblick werden verschiedene Aufbereitungstechniken
fur typische Probengattungen beschrieben. Der letzte Schritt beim Erstellen einer Chronologie ist die Kali-
bration der Radiokohlenstoffalter. Die gegenwaértige auf Baumringzeitreihen basierende Kalibrationskurve
wird stetig Uber das Holozé&n und Spatglazial hinaus erweitert. Eine zuverldssige Kalibrationkurve flr die
letzten 50.000-55.000 Jahre ist von herausragender Bedeutung sowohl fir die Arch&ologie als auch die
Geowissenschaften. In den letzten Jahren haben zahlreiche Studien an der Erweiterung der Radiokohlen-
stoff-Kalibrationskurve (INTCAL working group) und an der Rekonstruktion des Paldo-Reservoireffekts in
marinen Archiven gearbeitet.
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1 Introduction

The cosmogenic (produced by cosmic rays)
isotope of carbon “C, also called radiocarbon,
is the heaviest of the three isotopes of this
element occurring in nature. The two stable
isotopes *2C and *C (representing 99.9% and
0.1%, respectively, of all natural carbon) origi-
nate from the primordial composition of the
planet. Although *“C takes up only a minute
fraction of the carbon content (10*?), its pres-
ence in carbon-bearing materials and the half-
life (T,,,) of 5730 + 40 yr (Gopwin 1962) form
the basis for important geochronological and
environmental applications.

Cosmic rays hitting the Earth’s atmosphere pro-
duce cascades of secondary particles. Thermal
neutrons, which are products of cosmic ray in-
teraction, react with nitrogen of the atmosphere
(Fig. 1). On average, 2 atoms cmof *C are
produced in the atmosphere every second. Oxi-
dised to CO and CO, molecules, which takes
weeks and weeks to months, respectively (Rom
et al. 2000), “C is then quickly mixed within
the atmosphere. Monitoring of the atmospheric
14C levels of the nuclear tests in the 1960s has
shown that inter-hemispheric mixing occurs
in one to two years. For the purpose of radio-
carbon dating, the difference between various
regions is marginal. However, the difference
between the hemispheres (ca. 5 %0) might be
reconsidered through regional calibration (Mc-
CormAc et al. 2004).

Age measurements are possible because *#C
becomes a part of all organic and inorganic
carbon compounds and a steady state between
the uptake (photosynthesis or food) and the
decay of “C exists as long as the organism
is alive (Lieey et al. 1949). After death, the
only remaining process is decay (beta decay
in which *C decays to nitrogen). Measure-
ment of the beta-decay rate (conventional
method) or counting the remaining *“C atoms
(AMS method) gives a measure of the time that
elapsed since the steady state was broken. The
half-life of 5730 + 40 yr (Gopwin 1962) al-
lows the application of this method for the last
50,000-55,000 yr.

The main processes of the carbon cycle also
control the #C exchange of the atmosphere
with other main reservoirs: the ocean, the bio-
sphere and the sediments (Fig. 2). The very fast
exchange rate between the atmosphere and the
biosphere assures equal “C concentration in
contemporary living organisms, which is impor-
tant for the use of radiocarbon as a dating tool.
The ocean, which is the largest carbon reservoir,
has a long residence time of *#C and in conse-
quence, the surface water and the deep-water
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Fig. 1: Production and distribution of cosmogenic
14C. Produced mainly in the upper atmosphere due
to interaction of thermal neutrons with nitrogen,
1“Cis relatively quickly oxidised and mixed in the
atmosphere. Through photosynthesis, it enters the
biosphere and through gas exchange, the oceans.

Abb. 1: Produktion und Verbreitung von kosmoge-
nem *C. Das hauptséchlich in der oberen Atmos-
phére durch Interaktion von thermischen Neutronen
mit Stickstoff produzierte *C wird relativ schnell
oxidiert und in der Atmosphére vermischt. Durch
Photosynthese gelangt es in die Biosphare und durch
Gasaustausch in die Ozeane.
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masses have ages relative to the atmosphere,
giving rise to the so-called reservoir age.

Due to various mechanisms such as changes
in production rate and/or in the exchange rate
between the carbon reservoirs, the atmospheric
14C content fluctuates over time. These varia-
tions affect radiocarbon dating and often limit
precision of age estimates.

2 Production rate and global carbon cycle.

In general, the cosmic rays flux remains con-
stant (MocT et al. 1990) and observed fluctua-
tions in production rate of atmospheric *“C are
controlled by geomagnetic field strength as
well as solar activity. In effect, a correlation ex-
ists between the number of solar spots (active
sun) and the production rate of cosmogenic iso-
topes. The influence of solar and geomagnetic
shielding on the production rate of cosmogenic
isotopes can be simulated (MasArRik & BEER
1999). Based on these simulations, the globally
averaged production rate calculated for ““C is
2.02 atoms cm? st
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Fig. 2: The global carbon cycle (parameters used by
SieGeNTHALER et al. 1980). N, = amount of carbon in
reservoir i; R, = *C/™C ratio; 3"°C = isotopic frac-

tionation

Abb. 2: Der globale Kohlenstoffkreislauf (mit den
Kenngrolen verwendet von SIEGENTHALER et al.
1980). N, = Menge Kohlenstoff im Reservoir i; R, =
14C/*2C Verhéltnis; *3C = isotopische Fraktionierung.

Various natural archives of cosmogenic isotopes
have documented variability of production rate
with time. For example, higher production rates
of the cosmogenic isotopes °Be and **C are
observed in ice cores and tree rings from the
most pronounced periods of low solar activity:
the Maunder, Wolf and Spérer minima, when
the shielding was weaker (Beer et al. 1988).
Variations in the strength of the geomagnetic
dipole are also reconstructed using records of
relative palaeointensity of the deep-sea sedi-
ments (CHANNELL et al. 2000; LaJ et al. 2000).
A comparison of production rates derived from
geomagnetic strength with the ice core record
of °Be shows a striking correlation (LAJ et al.
2002). Relatively short changes (events) have
been observed during the last 50 ka. Higher pro-
duction rates of the cosmogenic isotopes °Be,
%Cl and “C characterised periods/intervals of
the Laschamp (41 ka) and Mono Lake (32 ka)
geomagnetic excursions when the intensity of
the geomagnetic field was low (Fig. 3) (HuGHEN
etal. 20044; Las et al. 2002; VoeLKER et al. 2000;
WAaGNER et al. 2000).

Distribution of “C within and between reser-
voirs of carbon affects atmospheric “C con-
tent. The main mechanism of these changes is
climatic variability because the ocean, which
is the largest C reservoir (Fig. 2), is also an
important component of the Earth’s climate
system. For example, changes of deep ocean
ventilation during the glaciations had an im-
pact on the atmosphere-ocean exchange of *C.
Models have been developed to reconstruct the
effect of such changes in the ocean ventilation
on the *C inventory of both reservoirs. The
simple box model of the ocean-atmosphere
showed that reduced ventilation rates result in
an increase, whereas the vigorous ocean venti-
lation results in a decrease of atmospheric “C
content (SIEGENTHALER et al. 1980).

3 Anthropogenic impact on atmospheric “C
3.1 Suess effect

The industrial revolution of the late 19" century
changed the *C content of the atmosphere. The
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Fig. 3: Variations in *C concentration in foraminifera shells from Late Pleistocene Icelandic Sea sediments
(Voewker et al. 2000). The increases in marine A*C, the measure of difference from the ‘present day, i.e. 1950
AD *C level (Stuiver & PoLacH 1977), observed at 40-42 ka and 33-35 ka BP, coincide with low relative
magnetic field intensity (LaJ et al. 2002), i.e. weak geomagnetic shielding of the Laschamp Event (LE) and

Mono Lake (ML) event, respectively.

Abb. 3: Variationen in der *C Konzentration in Foraminiferenschalen aus spéatpleistozanen Sedimenten aus dem
Islandischen Meer (VoELKER et al. 2000). Der Anstieg des marinen A“C, als Maf3 des Unterschiedes zu heutigen,
d.h. 1950 AD *C Niveau (Stuiver & PoLAcH 1977), der bei 40-42 ka und 33-35 ka auftritt, fallt mit einer nied-
rigen Intensitét des magnetischen Feld zusammen (LaJ et al. 2002), d.h. mit einer schwachen geomagnetischen
Abschirmung wéhrend des Laschamp Exkursions (LE) und des Mono Lake (ML) Exkursions.

increased burning of fossil fuels, which are free
of C (virtually all of the **C fixed in organic
matter from millions of years ago has already
decayed), added a significant part of *C free
carbon dioxide to the atmosphere. In effect,
the atmospheric *“*C/*C ratio was lowered
and thus, radiocarbon ages measured in post-
industrial times will overestimate the real age
of the sample. The effect was named after Hans
Suess who first described it in the 1950s (Suess
1955). The observed effect of fossil fuel burn-
ing is most pronounced in the air from urban
areas (Levin et al. 2008; PAweLczYk & PAzDUR
2004).

3.2 The “C ‘bomb peak’

The nuclear tests in the 1950s caused an in-
creased stream of thermal neutrons into the
stratosphere, which produced additional *C
atoms and created an excess “C activity in the
atmosphere (Fig. 4). Bomb produced **C was
identified soon after the tests started and con-
tinuous monitoring has been carried out (Nv-
DAL et al. 1984; NvpaL & LovsetH 1965, 1983).
The peak (ca. 100% above the normal levels)
reached its maximum in 1963 in the northern
hemisphere, where most of the tests took place.
In the southern hemisphere, the bomb peak
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Fig. 4: The **C ‘bomb peak’. Measurements of post 1950 AD atmospheric **C concentration for both the
Northern (NH) and Sothern Hemispheres (SH) compiled by Hua & BareetTi (2004). The monthly atmo-
spheric *C data sets from measurements at the High Alpine Research Station Jungfraujoch (JFJ) show the

present level of atmospheric A*C (Levin et al. 2008).

Abb. 4: Der *C ,,Bomben-Peak*. Die nach 1950 AD durchgefiihrten Messungen der *C Konzentration fiir
sowohl die Nérdliche (NH) als die Siidliche Hemisphére (SH) wurden von Hua & BarseTTi (2004) kom-
piliert. Der monatliche *#C-Datensatz von Messungen an der Hochalpinen Forschungsstation Jungfraujoch
(JFJ) zeigt das gegenwartige Nivea des atmospharischen A*C (Levin et al. 2008).

reached lower values (ca. 80 % of normal
level) and was delayed by ca. two years. After
the ban on above-ground nuclear tests in 1963,
the atmospheric **C content began to decrease
mainly due to uptake by the ocean and the
biosphere (NypAL et al. 1980). During the last
decade, the decline has been caused mostly by
dilution of the atmospheric CO, with *C-free
fossil fuel CO, (ca. 2-3 per mil yrt) (Levin
et al. 2008). Continuous monitoring of the
atmospheric **C/*2C ratio during the years fol-
lowing the nuclear tests provided the basis for
environmental studies (LeviN & Kromer 2004;
Rozanski et al. 1995). Applications range from
studies of the ocean circulation, CO, uptake,
and carbon storage in soils to medical and
forensic studies as well as detection of forger-
ies (LEviN & HessHAIMER 2000; SpaLDING et al.
2005a,b; TAavLoRr et al. 1992).

4 Radiocarbon dating

The method as established by Libby and co-
workers in late 1940s assumed a constant
atmospheric *C content. For the reasons dis-
cussed above, such an assumption is invalid,
as shown by more precise measurements of
tree rings performed in early 1950s. Moreover,
the half-life T, = 5568 yrs used by ArnoLD &
LBy (1949) was later found to be off by 3 %
from its real value. However, an agreement has
been reached that conventional radiocarbon
ages (Libby ages) are calculated using the
Libby half-life and then later calibrated (where
a calibration curve is available) to obtain cal-
endar ages that correspond to the measured *C
concentration (age).
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4.1 Conventional radiocarbon ages
(Libby radiocarbon ages)

The #C concentration measured either by
counting (Kromer & MunNicH 1992; Hoce et
al. 2006 and references therein) or AMS tech-
niques (FINKEL & Suter 1993; JuLL & BuURR
2006 and references therein) provides informa-
tion about the time elapsed since the time of
deposition or death.

The activity of 1“C can be measured by counting
of beta particles emitted by decaying **C or by
measuring the #C /*?C ratio using accelerator
mass spectrometry (AMS). Both methods al-
low the dating of natural carbon-bearing mate-
rial. After death or deposition, the equilibrium
between uptake from the environment (atmo-
sphere, ocean, lake) and **C decay is broken.
When the, new *C atoms cannot be incorporated
by the organism, the activity begins to decrease
with a half-life of 5730 yr. Application of the
decay law for radiocarbon dating requires that
the activity of the organic matter after the death
of the organism changes only due to radioactive
decay (i.e. the dated matter was a closed sys-
tem). Radiocarbon age (conventional or Libby
radiocarbon age) T can be calculated thusly:

T=18033 In (A/A)

A =YC activity at the time of dating

A, = initial **C activity at time t,
(deposition, death)

T,,/In2 = 8033 yr, where

T,, = 5568 yr half-life used by Libby

In order to calculate ages, the initial activity A,
at time t,must be known. As already discussed,
A, is not constant over time and therefore an ac-
tivity of pre-industrial wood grown in 1890 AD
was chosen as reference. Although the half-life
T,,of 5568 yr (Libby half-life) is underesti-
mated, it was accepted for use in the calculation
of conventional radiocarbon ages (OLson et al.
1966; Stuiver & PoLacH 1977). Conventional
radiocarbon age can then be corrected and ex-
pressed in radiocarbon ages for the half-life of
5730 years (t., =1.03t

5730 Li bby) :

In addition, small variations in the initial
activity of the sample are related to the mass
dependent fractionation of carbon isotopes by
chemical and physical reactions that occur
in nature, e.g. photosynthesis in the case of
plants (which is then passed to animal tissue
via the food chain) or precipitation processes
of carbonates. The degree of fractionation in a
dated sample, defined as a depletion or enrich-
ment of the isotope relative to the standard
material (Craic 1953), is different for various
materials (Craic 1954; STulvVER & PoLACH
1977). Counting techniques use mass spec-
trometry measurements of gas split of CO, in
order to obtain the correction value and some
of AMS facilities measure the *“C/**C as well
as 13C/*2C ratios, which then can be applied to
correct for fractionation.

Because the “C fractionation effect is approxi-
mately twice as much for °C, the correction ap-
plied to the *C content measured in the dated
material is two times 3'*C. Recently Mook &
VaN Der PuricHT (1999), ReiMeR et al. (2004c)
and Van DeErR PricHT & Hocc (2006) sum-
marised the conventions used for age calcula-
tion. The nomenclature used by these authors
is summarised below. The *#C concentration or
14C activity of a sample is described as a frac-
tion of reference material:

143 = 1A (sample)/*A (reference)

1A (reference) or standard activity corresponds
to 95% of the activity of a specific batch of the
Oxalic Acid standard HOx1 in the year 1950
AD. The secondary standard HOx2 used pres-
ently by most laboratories has a defined activity
ratio of 1.2933 in relation to the original HOx1
(MaNN 1983).

0.7459 MAP =

OX2N

MAO =095 MAY =

OXIN

13.56 + 0.07 dpm gC*!

dpm gC! = disintegrations
per minute and per gram of carbon

“A_, is the specific activity of the standard cor-
rected for isotopic fractionation to
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OBC = -25%0
for HOx1

for HOx2 and 0%C = -19.0 %o

The activity ratio of the measured sample or
concentration is defined as:

14n— 14 (14
a= “A/MA,

This value is independent of when the measure-
ment was carried out because it is relative to
the standard of 1950 AD. The relative activity
is expressed in per mil and defined as

14y =143.1

The measured isotopic ratio has to be corrected
for mass fractionation, which occurs during
chemical and physical processes in nature (see
above). The 1C activity and the relative content
are normalised to *d= -25 %o (wood):

Another symbol for the activity ratio has been
proposed by Reiver et al. (2004c) and is fre-
quently used in publications:

140 — 14
F“C="a

This expression stands for the activity ratio of the
measured sample to the standard corrected for
the fractionation (as defined above) and for the
background activity (blank values for AMS sam-
ples). Similar to the convention discussed above
and published by Stuiver & PoracH (1977), the
radiocarbon age T is calculated using the mea-
sured and normalised values of *“a, or F“C:

T =-8033In (F*C) or T = -8033In(*a,)

Conventional radiocarbon ages are reported as
Before Present (BP), where 0 BP = year 1950
AD.

VAN DerR PLicHT & Hocc (2006) define the
frequently used value of A*C (Stuiver & Po-
LAcH 1977), which illustrates the variations of
14C in the atmosphere. The original **C content

of the measured sample can be reconstructed
for samples of known calendar age (tree rings,
varves, U/Th dated carbonates). The measured
14C content of the sample in year 1950 AD is
corrected for the decay of *C (with the cor-
rect decay constant) during the time that has
elapsed since the sample was formed, t:

145:\‘ :]43:\1 _1

“al ="a, exp{—(t, —1950)/8267}
= F¥Cexp{calBP/8267}

where T, /In2 = 8267 yr for T,, = 5730 yrs

and calBP is the calendar age (cal BP) of the
sample.

4.2 Precision and accuracy of measured ra-
diocarbon ages

Precision characterises the degree of agreement
among a series of individual measurements, i.e.
the uncertainty of the measurement and is often
quoted as the one-sigma error. This includes
statistical error of counting atoms (AMS) or
beta particles as well as uncertainty of measur-
ing standards and blank values included in the
calculation of radiocarbon ages. The counting
error can be reduced by improved counting
statistics. This can be achieved by increasing
counting time. In the AMS technique, this is
usually limited by the sample size as well as
performance and stability of the AMS device.
Accuracy describes the difference between the
calculated radiocarbon and the true age of a
sample. This is independent of the measure-
ment precision, i.e. radiocarbon ages can be
very precise but their accuracy might be low
or vice versa (ScotT et al. 2007a). Radiocarbon
laboratories check their accuracy using mea-
surements of known age samples (for example
a set of C samples available from IAEA).
Moreover, regular proficiency checks known
as inter-lab comparison are performed (Scott
2003a,b,c; ScotT et al. 2004). Recently these
comparison measurements were extended to
various types of samples (NAysmiTH et al. 2007;
ScotT et al. 2007b).
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4.3 Calibration of radiocarbon ages

Due to the variability of the atmospheric *C
content and the used convention discussed
above, radiocarbon ages are only ‘defined’
values and require calibration in order to obtain
calendar ages. Calibration of radiocarbon ages
compensates for both the error introduced by
conventional (Libby) half-life T , and for the
temporal variability of the atmospheric *C
content.

Calibration is a mathematical procedure that
places the measured radiocarbon ages (taken
with their error) on the experimentally drawn
curve. In the probabilistic calibration proce-
dure, calendar ages, corresponding to the radio-
carbon age obtained for the measured material,

are given with the probability distribution (68%
and 95% confidence intervals for 1 sigma and
2 sigma error, respectively) (STuiver & REIMER
1986, 1989). The calibrated radiocarbon ages
are then reported as ‘cal AD/BC’ or ‘cal BP’
(calendar years BP). Because of the wiggles on
the calibration curve, the transfer to calendar
time scale may have a complicated probability
distribution (Fig. 5).

Nowadays, calibration can be done us-
ing calibration software available via the
web site of the Radiocarbon journal (http:
/lwww.radiocarbon.org). The calibration data
used by most of the programs are based on
the calibration data sets prepared and pub-
lished by the International Calibration Group
(INTCAL). The most recent set of data IN-

Sllluapllslil. ua}/a\\\yj Reimer etat(2004);0xCal v3:10-Bronk Ramsey (2005); cub -5 sut:12 probuspfchron}
el 7\ ETH-19854 : 2450+50BP
8 2700BP - M\ 68.29% probability
g - \ 750BC (18.9%) 680BC
& 26008P | \ 670BC ( 6.3%) 640BC
g o 500BC ( 1.9%) 580BC
o 25008P - . 560BC (41.1%) 410BC
@ a ~\ 95.4% probability
S 24008 | | 770BC (23.0%) 680BC
L~ 0
J— | 670BC (72:4%) 400BC
S B \\ VAR
2200BP = L
r \\
2100BP - AN
I [
| Il |
| | | | |
1000CalBC  800CalBC ~ 600CalBC ~ 400CalBC  200CalBC

Calibrated date

Fig. 5: Example of calibration of radiocarbon age (one of the samples from Ulandryk series, HAapAs et
al. 2004b), which is in the range of an age plateau (see text). The complex nature of the calibration curve

(wiggles) results in multiple calendar age intervals.

Abb. 5: Beispiel fiir die Kalibrierung eines Radiokohlenstoffalters (eine der Proben aus der Ulandryk Serie,
Haupas et al. 2004b), welches sich im Bereich eines Altersplateaus befindet (s. Text). Die komplexe Natur der
Kalibrierungskurve (,,wiggles*) resultiert in einer Anzahl von méglichen Kalenderjahr-Intervallen.
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TCALO04 was published in 2004 (HucHEN et al.
2004b; Reiver et al. 2004a). The current state
of the calibration curve and efforts to extend
it to the limits of the method will be discussed
later.

5 Sample types and preparation techniques

During the six decades of radiocarbon dating,
the method has evolved towards more sophisti-
cated applications that, in many cases, require
very small sample sizes. The ultimate goal is
to obtain a material for radiocarbon dating that
is free of foreign carbon i.e., contaminants.
Because carbon is such a common element
in the environment, removing either modern
(high amount of **C) or ancient (free of **C)
contaminations has always been a challeng-
ing task. An overview of sample preparation
presented here is relevant to both conventional
and AMS sample preparation laboratories. The
focus is however set on samples prepared for
the AMS technique because many applica-
tions nowadays involve only minute sample
amounts. While previous sample treatments
were designed to remove contamination as-
suming that the material has been part of a
closed system, present preparation involves
evaluation of possible sources of contamina-
tion as well as extraction of the fractions that
will give the most accurate age estimates. This
requires understanding of the environment in
which the dated material had been formed and
preserved until sampling.

5.1 Sample types

The common types of samples include char-
coal, wood, bones, animal tissue, textiles, pa-
per, macroscopic remains of the plants (leaves,
fruits, flowers), carbonates (corals, sediments,
stalagmites and stalactites), water, air and
organic matter from various sediments, soil,
palaeosol and peat deposits. Depending on the
sample type, an appropriate treatment is chosen
to select the most relevant fraction of carbon,
which will yield the accurate age of the studied
object.

5.2 Sources of contamination

Modern dust that includes particles of, for
example, hair, tissue, paper or pollen grains,
is the most common source of contamina-
tion with modern carbon. In addition, bacte-
rial growth might contaminate sediments and
other organic matter during storage. Therefore,
freezing or drying of the material to be dated is
recommended.

Carbonates and humic acids infiltrate natural
environments over the years during which the
sample material has been buried in geological
or archaeological settings. Diagenesis is the
source of contamination that is introduced into
the molecular structure of the material to be
dated and such effects may often remain un-
noticed. The process of exchange of carbon
might lead to contamination with either young
or old carbon. The most common problem in
dating archaeological samples is degradation
of bones. While buried in soil, they may in-
corporate humic acids from the environment.
Another example found in geological appli-
cations is dissolution and re-crystallization of
carbonates. Different types of carbonates may
be affected to different degrees.

Conservative substances used to preserve arte-
facts or bones will introduce either modern or
old carbon. Substances which had been used in
the past cannot always be tracked down and
therefore a range of solvents is used that should
remove most commonly used conservative sub-
stances. A Soxhlet extraction of contaminants
is routinely applied in many laboratories to
pre-treat wood, bone and textile samples. Some
geological samples also require such treatment
if they were buried in bituminous sediments.

5.3 Treatment methods

As the sources and types of contamination
vary, so do the methods of pre-treatment de-
veloped in order to provide the most accurate
radiocarbon ages. The first step in applying
these methods is an assessment made on the
degree of contamination. Recent samples such
as well-preserved wood and charcoal, as well
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as textiles and in some cases bones, are usually
viewed as intact materials where contaminants
remain outside molecular structure of organic
matter (M methods). In such cases macroscopic
methods, which have been used for many de-
cades by radiocarbon laboratories, are applied
(VAN KLINKEN & Hebces 1998). A small but ever
increasing portion of samples are pre-treated at
the molecular level where specific compounds
are isolated, allowing more accurate dating of
specific material such as degenerated bones,
organic compounds in soil or deep-sea sedi-
ments (S-methods). With the exception of dating
alpha-cellulose, isolation of specific compounds
from a sample for dating would require an AMS
facility to handle samples as small as mg and pug
of carbon. The development of gas ion sources
will allow an omission of the graphitisation pro-
cess, which is limited by sample size, and thus
direct measurement on CO, samples as small as
a couple of micrograms.

5.3.1 Mechanical cleaning

Sample material will undergo visual examina-
tion after its arrival in the laboratory. All visible
contaminants are removed under a binocular and
the surface of the sample is cleaned if necessary.
A short cleaning in an ultrasonic bath is applied
to charcoal, textiles, wood and shells of molluscs
and foraminifera to remove dust particles, etc.
Some laboratories apply vacuuming of textiles
surface because an ultrasonic bath might destroy
and create a mash of the material. In the case
of solid surfaces such as bones or corals, sand
blasting is used to clean the surface (PATERNE et
al. 2004). Soft materials such as sediments have
their surfaces scraped. In the case of small plant
fragments washed out of sediments, remains of
aquatic plants must be removed with tweezers
(Haipas 1993; Haipas et al. 1993). Rootlets that
might have grown in the layer are removed from
peat or soil samples by sieving.

5.3.2 The acid-alkali-acid (AAA) method

The AAA pre-treatment is known as the stan-
dard chemical treatment of organic matter for

radiocarbon dating, which is often applied to
remove contamination by carbonates and humic
acids (De VRIEs & BAReNDseEN 1954). The first
wash in acid solution (Fig. 6) removes carbon-
ate contamination attached to the surface. The
duration of this step applied by different labora-
tories varies depending on the treated material.
After washing with distilled water, a treatment
with a weak base (for example 0.1 M NaOH) is
applied to dissolve humic acids. Following rins-
ing to neutral pH, the final wash is a repeated
with a hot acid bath to remove carbonates that
precipitated from modern atmospheric CO,,
which is dissolved in an alkali solution. This
step is shorter than the other two and is followed
with a final rinsing to neutral pH. The AAA
(or ABA, acid-base-acid) method is relatively
straightforward, hence commonly used in most
laboratories. However, several studies (HATTE et
al. 2001, Heap & ZHou 2000) have shown that
the alkali step of AAA might be responsible for
contamination of some material with modern C
from atmospheric CO, dissolved during this step
and incorporated into the sample structure. Such
contamination cannot be entirely removed in the
last acid wash if the commonly used weak HCI
solution is applied. Materials that require such
modification of classical AAA treatment include
wood, peat and palaeosols, i.e. common objects
for radiocarbon dating. The effect of contamina-
tion becomes significant when old material is
prepared for radiocarbon dating. HATTE et al.
(2001) proposed alternative treatments, which
can be applied to samples that are susceptible to
contamination of their inner structure. These are
designed to remove modern carbon in the last
step of treatment (modification of the last step
of the AAA (Fig. 6)). For example, modern car-
bonates, which replaced functional groups in the
samples of old wood during acid and base steps,
can be detached from the structure by stronger
agents such as sulphuric acid. In contrast to
hydrochloric acid, H,SO, has a stronger ionic
affinity for carbonates.

5.3.3 ABOX Acid-Base-Oxidation

Another modification of the AAA (ABA)
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ORGANIC MATERIAL

WOOD, CHARCOAL,PLANTS REMAINS, TEXTILES

SOXHLET:

hexane, acetone, ethanol, water
Conservatives washed away

0.5 M HCI (60°C)

(carbonates removed)

0.1 M NaOH (60°C)

(humic acid removed)

I

0.1MK,Cr,0, in 2M H,SO,

0.1 HCI (60°C)

(carbonates removed)

or 2M HZSO4 (carbonates removed)

l

330°C, 630°C

Pre-combustion

!

CO, and graphite

Fig. 6: Overview of pre-treatment methods routinely applied for cleaning organic material. The Soxhlet
treatment is applied to material with suspected contamination caused by conservative substances or natural
bituminous carbon (see text). The standard AAA treatment (blue path) might be enhanced by pre-combustion
steps. ABOX (green path) is usually applied to treatment of material older than 20 ka.

Abb. 6: Uberblick tber Aufbereitungsmethoden, die routinemaRig fir die Reinigung von organischem
Material verwendet werden. Die Soxhlet Behandlung wird angewendet an Material, welches vermutlich
durch konservierende Substanzen oder natlirliches Bitumen verunreinigt ist (s. Text). Die Standard AAA
Behandlung (blauer Pfad) kann durch Vorverbrennungsschritte verstarkt werden. ABOX (griiner Pfad), wird
Uberlicherweise fur Material verwendet, welches alter als 20 ka ist.

method involves a final oxidising step in the
pre-treatment. Birp et al. (1999) applied two
methods of oxidation using a highly oxidis-
ing agent of acid dichromate solution (0.1M
K,Cr,0,in a 2M solution of H,SO,) (Fig. 6),
so-called ‘wet oxidation’, and pre-combustion
of the sample in oxygen flow at 330°C and
630°C, i.e. temperatures lower than the final
combustion at 850°C. Birp et al. (1999) used
these two methods and showed that the oldest
ages of very old charcoal, i.e. the most effec-
tive removal of contamination can be obtained
when ‘wet oxidised” samples are also pre-com-
busted.

HATTE et al. (2001) proposed a replacement of
the last hydrochloric wash of peat and paleo-
sols (sediments rich in Fe) by a wash with an
oxidising agent such as K,Cr,O.. In this study,
it was shown that the oxidation process breaks

insoluble ferrous compounds that were formed
during the alkali step, which could possibly
incorporate modern CO,,.

5.3.4 Soxhlet treatment

Samples originating from museums and private
collections often have their own history of con-
servation. In most cases, records of restoration
are sparse or non-existent. Materials used as
conservative substances contain carbon, which
is either of modern or fossil origin and can con-
taminate samples. Naturally occurring samples
can also be contaminated by fossil carbon. The
effect has been observed in archaeological
samples from Terga, Syria where asphalt was
present in the deposits. Some charcoal samples
from this region were dated to be as old as
28,700 BP whereas the archaeological context
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was dated to 3000 BP or younger (VENKATESAN
etal. 1982). Therefore it is advisable to perform
Soxhlet treatment of organic matter recovered
from soils, sediments and any tar-containing
environments.

For Soxhlet treatment, a standard procedure has
been developed (Brunn et al. 2001, HaipAs et
al. 2004c) and the most common conservative
substances are removed in a sequence of sol-
vents bathing (hexane, acetone and methanol).
The sample is placed in the Soxhlet apparatus
as shown in Fig. 7 and the liquid is brought to
the boiling point. The condensate circulates in
the Soxhlet for 30 min so that the sample is
immersed in the clean hot solvent almost all
the time. Contamination is removed with each
spilling of the solvent through the siphon back
to the heated bottle.

5.3.5 Leaching surface of carbonate samples

Surface of carbonate samples such as tufa,
corals and shells may be contaminated due to
diagenic processes. In order to remove such
contamination, samples are cleaned mechani-
cally (using an ultrasonic bath) and subjected
to various leaching procedures, which involve
acid and/or H,O, solution. The degree of
leaching varies, depending on the material
dated. Burr et al. (1992) showed that 80 %
leaching of coral surfaces yields satisfactory
ages. Ages of ostracode shells from sediments
of Mono Lake became older as the shells were
successively dissolved (Fig. 8) (Haipas et al.
2004d).

5.3.6 Bone organic fraction

Bone contains mainly mineralised hydroxyl-
apatite and carbonate-apatite as well as partly
fluorapatite and chlorapatite, which are bound
to a matrix of collagen. Collagen makes up to
20 % of dried, defatted fresh bone. A smaller
fraction of the organic matrix is formed by
non-collagen proteins such as osteocalcin or
ferritin.

Most laboratories employ the method devel-
oped by Lonein (1971) (Fig. 9). Bones are

first crushed or ground in a mill to speed up
the dissolution in acid. This step removes con-
taminants but may remove collagen as well.
Therefore, time and acid strength should be
controlled during the process.

Gelatine is obtained by dissolution of collagen
in a weak acid (Longin 1971). The deminer-
alised sample is placed in 0.01N HCI solution
and left at 58°C for 18-24 hr. The solution is
then filtered and freeze-dried (Fig. 9) prior to
combustion. In order to remove potential con-
tamination of the bone, additional separation
techniques have been developed. A modifica-
tion of the Loncin (1971) method, including

Fig. 7: Soxhlet preparation system at the ETH lab.
The sample holders (middle part) are placed above
a boiling solvent (lower part). The vapours of the
solvent are cooled (upper part) and precipitated into
the sample holder.

Abb. 7: Soxhlet Aufbereitungssystem im Labor
der ETH. Die Probenhalter (mittlerer Teil) werden
oberhalb eines kochenden Lésungsmittels platziert
(unterer Teil). Der Dampf des Ldsungsmittels wird
gekdihlt (oberer Teil) und schléagt sich im Probenhal-
ter nieder.
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Fig. 8: Effect of consecutive leaching on radio-
carbon age of ostracode shells from Carlson Sink,
Mono Lake, USA (Haipas et al. 2004d).

Abb. 8: Effekt des fortlaufenden Ablaugens auf Ra-
diokohlenstoffalter von Ostrakodenschalen aus Carl-
son Sink, Mono Lake, USA (Haipas et al. 2004d).

a short treatment of ‘collagen’ with a base
solution prior to gelatinisation, has been pro-
posed by ArsLaNov & SvezHENTSEv (1993).
This procedure was adopted by HAIDAS ET AL.
(2007) and PioTrowskA & GosLAR (2002) and
proved very effective in removing contami-
nation. Separation of molecular masses by
ultra-filtration was proposed by Brown et al.
(1988) and improved providing very promis-
ing results (HicHam et al. 2006a, 2006b). The
procedure of ultra-filtration involves separa-
tion of molecular masses because those of
peptides are heavier than the possible con-
taminant of humic and fulvic acids. The liquid
is placed in ultra-filtration tubes with a 30 kDa
filter (Viva Spin or Millipore) and centrifuged
at 4000 rpm for 15 to 30 min (depending on
the volume of the tube). In effect, molecules
heavier than 30 kDa will remain above where-
as the smaller (contamination fraction) will
pass through the filter and be discarded. The
heavier fraction obtained is freeze-dried and
then subjected to combustion.

6 Site and sample specific problems of
radiocarbon dating

In order to obtain the most accurate ages and
reliable chronologies for the studied objects or
sites (sedimentary records), appropriate mate-
rial must be sampled for radiocarbon dating.
For lake sediments, terrestrial macrofossils
should be sampled to avoid potential ‘hard wa-
ter’ effects caused by old carbonates built into
organic matter of aquatic plants (Haipas et al.
1993, 1995, 1998). The presence of old carbon
dissolved from bedrock is different from site
to site and the ‘hard water’ effect may range
from hundreds of years to nil. More locally,
radiocarbon ages of organic matter can also
be influenced due to volcanic (*C free) CO,
added to the atmosphere or dissolved in water.
For example, remains of aquatic plants found
in sediments of Lake Monticchio (Italy) were
more than 10,000 *C yr older compared to ter-
restrial macrofossils in the same sediment layer
(Haipas et al. 1998). Another source of old car-
bon has been observed in polar regions where
slow decomposition of organic matter and lon-
gevity of some species of mosses might result
in older radiocarbon ages (HumLum et al. 2005).
Similarly, too old ages are observed when re-
deposited or re-used material is dated. The best
example is the ‘old wood’ effect known in dat-
ing wooden artefacts.

For marine records, hand picked foraminifer
shells of plankton living in the upper layer of
the ocean are usually used for dating. The ra-
diocarbon age of water in this layer varies from
400 to 1200 *C yr. Correction for the marine
reservoir effect is based on measurements
of marine radiocarbon ages of material with
known age (Reiver & Reimver 2001). Other
problems in dating marine records are related
to bioturbation and poor preservation of shells
as discussed by Broecker et al. (1999, 2006).

7 Graphite preparation for AMS “C mea-
surements

For AMS measurements of *C /*2C ratios, the
autochthonous carbon present in the sample
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material has to be transformed into pure graph-
ite. The first step in this process is obtaining
CO, by either combustion (organic matter) or
acidification (shells and inorganic sediments).
For combustion, dried organic matter is
weighed and placed in a quartz glass tube,
which contains wire-formed CuO for oxida-
tion of the material that is sealed after the tube
is evacuated. Silver wire or powder is added
together with the sample to bind SO, and other
halogen gases that could poison the graphitisa-
tion reaction. The sealed tubes are placed in an
oven at 950°C for 2 hr. Carbonate samples are
placed in a special chamber, which is evacu-
ated, then mixed with concentrated phosphoric
acid and dissolved. The resulting CO, is then
purified and frozen using liquid nitrogen (HAs-
DAs et al. 2004d). The experimental details are
given in Haipas et al. (2004c).

Most of the AMS laboratories use the graphiti-
sation method described by VoceL et al. (1984),

where the reaction of CO, + 2 H, (heated to 580
to 600°C for ca. 2 to 4 hr) over catalyst (cobalt
or iron powder) results in reduction to C and
H,O. The graphite that forms on the surface
of the catalyst is then pressed onto a target de-
signed for AMS measurement.

Measurements of the “C /*2C and **C /**C ra-
tios of the samples to be dated are determined
relative to the respective NBS oxalic acid |
or oxalic acid Il standard values. Chemistry
blanks prepared from natural graphite, coal or
marble (for example the C-1 standard of IAEA,
Vienna) is usually analysed in order to deter-
mine contamination introduced during sample
preparation. All samples (unknowns, standards
and blanks) of one series are measured several
times (typically three or four). The total mea-
suring time per sample is around 30 to 40 min.
For details of measurements performed at the
AMS facility at the ETH Zurich see Bonani et
al. (1987) and SynaL et al. (1997, 2007).

Bone (ca. 0.5t0 1.0 g)

cleaned and powdered

!

0.5 M HCI (room temp.)

(mineral part removed)

¥
0.1 M NaOH (room temp.)

(humic acid removed)

80°C, water pH 3

80°C, water pH 3

|

l

UF (30kDa)
A B | C| D| E
. Gelatine BUF | Gelatine UF .
Gelatine GB, (>30kDa) (>30kDa) Gelatine || “Collagen
| | | !
\ CO, and graphite \

Fig. 9: Overview of bone treatment (organic fraction): path A: modified Longin method (ArsLanov & Sve-
zHENTSEV 1993), path B: modified Longin method combined with Ultra Filtration, path C: Longin method +
Ultra-Filtration (Brown et al. 1988), path D: Longin method (Lonein 1971), path E: “‘collagen’.

Abb. 9: Uberblick tiber der Aufbereitung von Knochen (organische Fraktion): Pfad A: modifiziertes Lon-
gin-Verfahren (ArsLanov & SvezHentsev 1993), Pfad B: modifiziertes Longin-Verfahren kombiniert mit
Ultra-Filtration, Pfad C: Longin-Verfahren+UIltra-Filtration (Brown et al. 1988), Pfad D: Longin-Verfahren

(Lonein 1971), Pfad E: “‘Kollagen’.
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8 Calibration issues

8.1 1C age ‘plateaux’,
rapid ‘jumps’ and ‘wiggles’

Precise radiocarbon dating of certain periods
of interest may be complicated by extreme
variability of atmospheric **C content present at
times in the radiocarbon calibration curve. These
complications arise from variations in atmo-
spheric **C content caused by the changes in the
production rate and changes in the carbon cycle
and are known as ‘wiggles’ in the calibration
curve. Radiocarbon age ‘plateaux’, for example,
caused by a decrease in the atmospheric **C
concentration, appears as a slowing down of the
14C clock such as one that occurred at 2500-2400
BP, i.e. between 700 BC and 400 BC (‘Hallstatt
plateau’) (Fig. 10). In effect, similar radiocarbon
ages may appear to correspond to a range of up
to 500 calendar years. The opposite is observed
when atmospheric *C levels increase so that the
14C clock appears to speed up. Therefore, due

3000

2800 |

2600 |

2400 |

Radiocarbon age BP
|

2200 |

2000

1 1 1 1
2000 2200 2400 2600 2800 3000
Cal BP

Fig. 10: Radiocarbon age plateau at 2400-2500 BP
(700 BC and 400 BC) known as a “Hallstatt plateau’
marked on the calibration curve of INTCALO4 (Re-
IMER et al. 2004a).

Abb. 10: Radiokohlenstoff Altersplateau zwischen
2400 und 2500 BP (700 BC bis 400 BC), bekannt als
“Hallstatt Plateau”, markiert auf der Kalibrierungs-
kurve INTCALO4 (Reimer et al. 2004a).

to the ‘wiggles’, a single radiocarbon age may
correspond to more than one calendar age range
or the ““C clock may even appear to be reversed
with respect to actual time.

The set of radiocarbon ages obtained on a trunk
of a larch tree found in Scythian tombs/kurgans
of Altai Mountains illustrates the effect the age
plateaus can have on the precision of calendar
ages and shows how the wiggle match can help
to resolve it. Eleven out of sixteen calibrated
ages fall on the 2400-2500 BP age plateau. In
effect, the calibrated ages of all these samples
range from 700 BC to 400 BC (Fig. 11). How-
ever, a 2 fit of the age sequence to the calibra-
tion curve resulted in a precise dating of the
last ring to be 2267 **¥/ , cal BP (317 **¥/,, BC)
(Fig. 12), which was presumably the year when
the kurgan was built (HaipAs et al. 2004b).
Another method to improve calendar chro-
nologies, despite the C plateaux, is the use of
models such as wiggle-matching or calibration
models, where additional information about the
samples (sequence order) might be applied to
reduce the intervals of calibrated ages (RAmMsEY
et al. 2001). This Bayesian approach to calibra-
tion of radiocarbon ages (Buck et al. 1996) is
now included in calibration programs such as
BCal (http://bcal.sheffield.ac.uk) (Buck et al.
1999), OxCal (Ramsey 2008) or Bpeat (BLaAuw
& CHrisTEN 2005). “Wiggle-matching’ with the
Bpeat program has been applied to develop
age-depth models of Holocene peat sections
from the Netherlands (BLaauw et al. 2007). The
high-resolution radiocarbon dating combined
with Bayesian modelling was used to establish
chronology of climatic events of Kaipo Bog
(New Zealand) (Haipas et al. 2006). Similarly,
the late Glacial sedimentary record of Hauterive/
Rouges-Terres, Lake Neuchatel (CH) (Haipas et
al. 2004a) were radiocarbon dated and the age
model was built using Bayesian model of OxCal
v3 program (Ramsey 2001).

8.2 Extension of the calibration curve
The history of variations in atmospheric *“C

production during the last 12,400 years is based
on tree ring measurements and dendrochronol-
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Fig. 11: Results of calibration of radiocarbon ages obtained for a tree ring sequence of samples from a larch
tree recovered from a kurgan (burial mound) in Ulandryk (Altai Mountains) (Haipas et al. 2004b). Note the
wide ranges of calibrated age intervals obtained for radiocarbon ages hitting the plateau (see text). An ex-
ception is the sample ETH-19848, 2330 + 35 BP, as this age corresponds to a steep slope on the calibration
curve

Abb. 11: Ergebnisse der Kalibrierung von Radiokohlenstoffaltern fur Proben aus einer Baumringsequenz aus
einer Lérche, die aus einem Kurgan (Grabhtigel) aus Ulandryk (Altai Gebirge) geborgen wurde (Haipas et
al. 2004b). Bemerkenswert ist der breite Bereich an kalibrierten Altersintervallen fiir Radiokohlenstoffaltern,
die auf Plateaus liegen (siehe Text). Eine Ausnahme ist Probe ETH-19848, 2330 + 35 BP, weil diese Probe
mit einem steilen Abfall in der Kalibrationskurve zusammenfallt.
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Fig. 12: Results from the Ulandryk kurgan (Fig. 11)
fitted to the calibration curve (see text): filled circles
(HaipAs et al. 2004b) and open circles (Kuzmin et
al. 2004). The last ring is dated to 2267 **%/ ,, cal BP
(317 */,, BC).

Abb. 12: Ergebnisse fiir den Ulandryk Kurgan (Abb.
11) projiziert auf die Kalibrierungskurve (siehe
Text): ausgefiillte Kreise (HAipAs et al. 2004b) und
offene Kreise (Kuzmin et al. 2004). Der letzte Ring
wurde auf 2267 **¥/ ,, cal BP (317 **¥/ , BC) datiert.

ogy. However, the older part of the calibration
has to be based on records other than the trees.
The radiocarbon ages of foraminifera shells
from sediments of Cariaco Basin and measure-
ments of ¥C on U/Th dated corals, all cor-
rected for corresponding local reservoir age,
have been used to construct the late glacial and
glacial part of the calibration curve (12,400-
26,000 cal BP) (Remmer et al. 2004b) (Fig.
13). In addition to the atmospheric calibration
curve, a global mix layer marine reservoir age
has been modelled and used for construction of
a marine calibration (HucHEN et al. 2004b).

Extension of the calibration curve to the limits
of the radiocarbon method is of great interest
to the wide range of palaeoclimate studies and
archaeological research. Corals, marine and
lake sediments and stalagmites may provide
continuous records of *C changes (Fig. 14). In
addition, Marine Isotope Stage 3 Kauri wood
found in bogs of New Zealand is being studied
for this purpose (Hoce et al. 2007, TurRNEY et

al. 2007). In the future, an updated data set of
INTCALO4 will allow conversion of radiocar-
bon ages older than 21000 BP to the estimated
(not yet calibrated) calendar ages (Ramsey et
al. 2006).

Another problem of the calibration curve that
must be considered is the reconstruction of the
temporal as well as spatial variations of the
marine reservoir effect. Variations documented
for specific locations and periods (for sum-
mary see ReiMER & REeiMER 2001) may affect
radiocarbon-based chronologies of the marine
records. Efforts are being made to reconstruct
such variations using high-resolution chronolo-
gies of marine records (Bonpevik et al. 1999,
2001, 2006; MAanGERUD et al. 2006) or to model
it (FRANKE et al. 2008).

9 Summary and outlook

As long as carbon-bearing material is available,
radiocarbon dating methods allow measurement
of the isotopic composition of the material,
which is only limited to the materials formed
during the last 50-55 ka. The measured *#C /*>C
ratio relative to the reference material allows
calculation of the radiocarbon age. However,
due to the complicated history of *C, this age
requires translation to the calendar age.

INTCALO04
25000

20000 -
15000 -

10000

cage BP

5000 -

| | | | | |
0 5000 10000 15000 20000 25000 30000
Cal yr BP

Fig. 13: Radiocarbon calibration curve of INCAL04
(Reimer et al. 2004a).

Abb. 13: Radiokohlenstoff-Kalibrierungskurve INT-
CALO4 (Reiver et al. 2004a).
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Fig. 14: Reconstruction of past variation in *#C
content based on measurements of foraminifera
(squares) from Cariaco Basin; with the calendar
time scale obtained by climatic correlation to U/Th
dated stalagmites from the Hulu Cave (HucHeN et
al. 2006; Wang et al. 2001). Included are also corals
ages (circles) dated by both radiocarbon and U/Th
(FairBANKs et al. 2005).

Abb. 14: Rekonstruktion vergangener Variationen
im “C Gehalt basierend auf Messungen von Fora-
miniferen (Vierecke) aus dem Cariaco Becken, die
durch Klimatische Proxy mit der Kalender-Zeitreihe
U/Th-datierter Stalagmiten aus der Hulu Cave korre-
liert wurden (HucHEN et al. 2006; Wang et al. 2001)
und Korallen (Kreise). Zudem sind Korallenalter
enthalten, die sowohl durch Radiokohlenstoff als
auch U/Th datiert wurden (FairBanks et al. 2005).

Sampling and sample preparation are important
steps in obtaining reliable radiocarbon ages.
Measurements and error analysis, corrections
for fractionation and reservoir effect are the
next steps that are followed by the calibration
of the radiocarbon age. From the very begin-
ning of the method, all these components have
been under constant development. Improved
preparation techniques allow the selection of
material free of contamination that is most
suitable for dating. Twenty-five years ago,
the development of the AMS revolutionised
radiocarbon dating allowing for analyses on
samples containing only a few mg of carbon

(as compared to grams needed for conventional
radiocarbon dating method). Calibration issues
were also recognised and great efforts of many
international groups resulted in the calibration
curves that are presently in use. This work is
being continued and remains a great challenge
to the radiocarbon dating community.

During the last ten years, novel solutions in the
AMS technique resulted in lowering energies
needed for successful separation of C isotopes.
Radiocarbon-dating dedicated small AMS set-
ups are becoming a reality, allowing for higher
throughput and shorter turnaround time of
samples (Suter et al. 2007; SynAL et al. 2007).
Moreover, sophisticated preparative methods
allow for separation of carbon at the molecular
level (e.g., EcLINTON et al. 1996, INGALLIs et al.
2004, Von Repen et al. 1998), providing oppor-
tunity for tracing contamination. The AMS sys-
tems that operate with a gas ion source allow
measurements to be performed on CO, (Rurr et
al. 2007). Samples containing few micrograms
of C are combusted and their isotopic composi-
tion is measured without the graphitisation step
involved. This technical development marks
another revolution in radiocarbon dating that
will allow radiocarbon dating at the molecular
level. Thanks to this development, the great
value of “C as an environmental tracer is be-
coming very appealing in addition to its useful-
ness as a dating tool.

Acknowledgments

Special thanks to all the colleagues from the
AMS facility at ETH Zurich for support of
my ¥C research of the last 20 years. Liping
Zhou and Anne Hormes provided very helpful
reviews of this manuscript.

References

ArNOLD, J. R. & Lisay, W. F. (1949): Age Deter-
minations by Radiocarbon Content - Checks
with Samples of Known Age. — Science, 110:
678-680.

ArsLanov, K. A. & SvezHeNTsey, Y. S. (1993): An
Improved Method for Radiocarbon Dating Fos-
sil Bones. — Radiocarbon, 35: 387-391.



20 IrRkA HAIDAS

Beer, J., SIEGENTHALER, U., Bonani, G., FINKEL,
R. C., OescHGER, H., Suter, M. & WoLFLI, W.
(1988): Information on Past Solar-Activity and
Geomagnetism from Be-10 in the Camp Century
Ice Core. — Nature, 331: 675-679.

Birp ,M. |., AvLiFrg, L. K., FiIFIELD, L. K., TURNEY,
C.S.M., CressweLL. R.G., Barrows. T. T. &
Davip. B. (1999): Radiocarbon dating of “old”
charcoal using a wet oxidation, stepped-combus-
tion procedure. — Radiocarbon. 41: 127-140.

BLaauw, M., BAKKER, R., CHRISTEN, J.A., HALL, V.A.
& VAN DER PLicHT, J. (2007): A Bayesian frame-
work for age modeling of radiocarbon-dated
peat deposits: Case studies from the Nether-
lands. — Radiocarbon, 49: 357-367.

Braauw, M. & CHrisTeN, J.A. (2005): Radiocarbon
peat chronologies and environmental change.
—Journal of the Royal Statistical Society Series
C-Applied Statistics, 54: 805-816.

Bonani, G., BEER, J., Hormann, H., Synal, H. A,
Suter, M., WoLFLI, W., PFLEIDERER, C., JUNG-
HANS, C. & MunnicH, K.O. (1987): Fractionation,
precision and accuracy in *C and *C measure-
ments. — Nuclear Instruments and Methods in
Physics Research, B29: 87-90.

Bonbpevik, S., Birks, H.H., GuLLIksEN, S. & MAN-
GERUD, J. (1999): Late Weichselian marine C-14
reservoir ages at the western coast of Norway.
— Quaternary Research, 52: 104-114.

BoNDpEViIK, S., MANGERUD, J., BIrks, H.H., GULLIKSEN,
S. & ReIMER, P. (2006): Changes in North Atlantic
Radiocarbon Reservoir Ages During the Allergd
and Younger Dryas. — Science, 312: 1514-1517.

BoNDEVIK, S., MANGERUD, J. & GuLLIKSEN, S. (2001):
The marine C-14 age of the Vedde Ash Bed
along the west coast of Norway. — Journal of
Quaternary Science, 16: 3-7.

Broecker, W., BARKER, S., CLARK, E., Hapas, |. &
Bonani, G. (2006): Anomalous radiocarbon ages
for foraminifera shells. — Paleoceanography 21:
PA2008, doi:10.1029/2005PA001212.

Broecker, W., MaTsumoto, K., CLARK, E., HAIDAS,
l. & Bonani, G. (1999): Radiocarbon age differ-
ences between coexisting foraminiferal species.
— Paleoceanography, 14: 431-436.

Brown, T. A., NELson, D.E., VocEeL, J.S. & SouTHoN,
J.R. (1988): Improved Collagen Extraction by
Modified Longin Method. — Radiocarbon, 30:
171-177.

BrunN, F., DuHRr, A., GrooTes, P.M., MinTROP, A.
& Napeau, M.J. (2001): Chemical removal of
conservation substances by ‘soxhlet’-type ex-
traction. — Radiocarbon, 43: 229-237.

Buck, C.E., CHrisTEN, J.A. & James, G.N. (1999):
BCal: an on-line Bayesian radiocarbon cali-
bration tool. — Internet Archaeology 7: http:
/lintarch.ac.uk/journal/issue7/buck/.

Buck, C.E., CavanacH, W.G. & LiTTon, C.D. (1996):
The Bayesian Approach to Interpreting Archaeo-
logical Data. — 377 S.; Chichester (Wiley).

Burr, G.S., EbwarDs, R.L., DoNAHUE, D.J., DRUFFEL,
E.R.M. & TavLor, FW. (1992): Mass-Spectro-
metric C-14 and U-Th Measurements in Coral.
— Radiocarbon, 34: 611-618.

CHANNELL, J.E.T., STonER , J.S., HoDELL, D.A. &
CHARLES, C.D. (2000): Geomagnetic paleointen-
sity for the last 100 kyr from the sub-antarctic
South Atlantic: A tool for inter-hemispheric cor-
relation. — Earth and Planetary Science Letters,
175: 145-160.

Craic, H. (1953): The Geochemistry of the Stable
Carbon Isotopes. — Geochimica Et Cosmochi-
mica Acta, 3: 53-92.

Cralc, H. (1954): Carbon-13 in Plants and the Re-
lationships between Carbon-13 and Carbon-14
Variations in Nature. — Journal of Geology, 62:
115-149.

pE VRIEs, H.L. & BARrenDpseN, G.W. (1954): Mea-
surements of Age by the Carbon-14 Technique.
— Nature, 174: 1138-1141.

ELingToN, T.I, ALUWIHARE L.l., BAUER J.E., DRUFFEL
E.R.M. & McNicHoL, A.P. (1996): Gas chro-
matographic isolation of individual compounds
from complex matrices for radiocarbon dating.
— Analytical Chemistry 68: 904-912.

FairBanks, R.G., MorTLOCK, R.A., CHIu, T.-C., Cao,
L., KapLaNn, A., GuiLDersoN, T.P., FAIRBANKS,
T.W., BLoom, A.L., GrooTes, P.M. & NADEAU,
M.-J. (2005): Radiocarbon calibration curve
spanning 0 to 50,000 years BP based on paired
230Th/234U/238U and 14C dates on pristine
corals. — Quaternary Science Reviews, 24:
1781-1796.

FINKeL, R.C. & SuTer, M. (1993): AMS in the Earth
Sciences:Technique and Applications. — Ad-
vances in Analytical Geochemistry, 1: 1-114.

FRANKE, J., PAauL, A. & ScHuLz, M. (2008): Modeling
variations of marine reservoir ages during the
last 45 000 years. — Climate of the Past Discus-
sions, 4: 81-110.

Gobwin, H. (1962): Half-Life of Radiocarbon. — Na-
ture, 195: 984

Haupas, 1. (1993): Extension of the radiocarbon calibra-
tion curve by AMS dating of laminated sediments
of lake Soppensee and lake Holzmaar. — Diss. ETH
Nr.10157 thesis: 147 S.; ETH Zurich.



Radiocarbon dating and its applications in Quaternary studies 21

Haipas, 1., Ivy, S.D., BEER, J., Bonani, G., IMBODEN,
D., LoTTer, A.F., STURM, M. & SUTER, M. (1993):
Ams Radiocarbon Dating and Varve Chronology
of Lake Soppensee - 6000 to 12000 C-14 Years
BP. — Climate Dynamics, 9: 107-116.

Haipas, 1., ZoLITscHKA, B., Ivy-ochs, S.D., BEeR, J.,
Bonani, G., Leroy, S.A.G., NeGenDANK, J.W.,
RAMRATH, M. & Suter, M. (1995): Ams Ra-
diocarbon Dating of Annually Laminated Sedi-
ments from Lake Holzmaar, Germany. — Quater-
nary Science Reviews, 14: 137-143.

Haipas, I., BonaN, G., ZoLITSCHKA, B., BRAUER, A.
& NEGENDANK, J.W. (1998): C-14 ages of terres-
trial macrofossils from Lago Grande di Montic-
chio (Italy). — Radiocarbon, 40: 803-808.

Haupas, |., Bonani, G., HADORN, P., THEW, N., CoorE,
G.R. & LempaHL, G. (2004a): Radiocarbon and
absolute chronology of the Late-Glacial record
from Hauterive/Rouges-Terres, Lake Neuchatel
(CH). — Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions
with Materials and Atoms, 223-224: 308-312.

Haipas, ., BonaNl, G., SLusarRenko, Y. & SEIFERT,
M. (2004b): Chronology of Pazyryk 2 and Uland-
ryk 4 Kugrans based on high resolution radiocar-
bon dating and dendrochronology -a step towards
precise dating of Scythian Burials. — In: Scortr,
E.M. (ed.): Impact of the Environment on the Hu-
man Migration in Eurasia: 107-116; Printed in the
Netherlands (Kluwer Academic Publishers).

Haipas, |., Bonani, G., THuT, J., LEONE, G., PrEN-
NINGER, R. & Mabpen, C. (2004c): A report on
sample preparation at the ETH/PSI AMS facility
in Zurich. — Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions
with Materials and Atoms, 223-224: 267-271.

Haipas, 1., Bonani, G., ZIMMERMAN, S.H., MENDEL-
soN, M. & Hemming, S. (2004d): C-14 ages of
ostracodes from pleistocene lake sediments
of the western Great Basin, USA-Results of
progressive acid leaching. — Radiocarbon, 46:
189-200.

Haupas, 1., Lowe, D.J., NEwnHAM, R.M. & Bonani, G.
(2006): Timing of the late-glacial climate reversal
in the Southern Hemisphere using high-resolution
radiocarbon chronology for Kaipo bog, New Zea-
land. — Quaternary Research, 65: 340-345.

Haipas, I., Bonani, G., FUurrer, H., MADER, A. &
ScHocH, W. (2007): Radiocarbon chronology
of the mammoth site at Niederweningen, Swit-
zerland: Results from dating bones, teeth, wood,
and peat. — Quaternary International, 164-65:
98-105.

HATTE, C., MorvaN, J., Noury, C. & PATERNE, M.
(2001): Is classical acid-alkali-acid treatment
responsible for contamination? An alternative
proposition. — Radiocarbon, 43: 177-182.

Heap, M.J. & Znou, W. J. (2000): Evaluation of
NaOH leaching techniques to extract humic
acids from palaeosols. — Nuclear Instruments &
Methods in Physics Research Section B-Beam
Interactions with Materials and Atoms, 172:
434-439.

HicHam, T., Ramsey, C.B., Karavanic, l., SmiTH,
FH. & Trinkaus, E. (2006a): Revised direct
radiocarbon dating of the Vindija G(1) upper
Paleolithic Neandertals. — Proceedings of the
National Academy of Sciences of the United
States of America, 103: 553-557.

Hicham, T.F.G., Jacosi, R.M. & Rawmsey, C.B.
(2006b): AMS radiocarbon dating of ancient
bone using ultrafiltration. — Radiocarbon, 48:
179-195.

Hocg, A.G., FiFieLD, L.K., TurNEY, C.S.M., PALMER,
J.G., GALBRAITH, R. & BalLLIE, M.G.K. (2006):
Dating ancient wood by high-sensitivity liquid
scintillation counting and accelerator mass spec-
trometry - Pushing the boundaries. — Quaternary
Geochronology, 1: 241-248.

Hoce, A. G., FiFieLD, L.K., PALMER, J.G., TURNEY,
C.S.M. & GaLBraITH, R. (2007): Robust radio-
carbon dating of wood samples by high-sensitiv-
ity liquid scintillation spectroscopy in the 50-70
kyr age range. — Radiocarbon, 49: 379-391.

Hua, Q. & BarseTTi, M. (2004): Review of tropo-
spheric bomb C-14 data for carbon cycle model-
ing and age calibration purposes. — Radiocarbon
46: 1273-1298.

HucHen, K., Lenman S., SoutHoN J., OVERPECK
J., MarcHAL O., Herring C. & TurnBuULL J.
(2004a): C-14 activity and global carbon cycle
changes over the past 50,000 years. — Science
303: 202-207.

HucHen, K.A., BaiLLie, M.G.L., Barp, E., Beck,
J.W.,, BErTRAND, C.J.H., BLACKWELL, P.G., Buck,
C.E., Burr, G.S., CutLER, K.B., Damon, P.E.,
Epwarps, R.L., FairBanks, R.G., FrIEDRICH, M.,
GuiLpersoN, T.P., KromER, B., McCormAc, G.,
MANNING, S., Ramsey, C.B., REIMER, P.J., REIMER,
R.W., REMMELE, S., SouTHoN, J.R., STUIVER, M.,
TaLamo, S., TAYLOR, F.W., VAN DER PLIcHT, J. &
WEYHENMEYER, C.E. (2004b): Marine04 marine
radiocarbon age calibration, 0-26 cal kyr BP.
— Radiocarbon, 46: 1059-1086.

HucHeN, K., SoutHon, J., LEHMAN, S., BERTRAND,
C. & TurnBULL, J. (2006): Marine-derived C-



22 IrRkA HADAS

14 calibration and activity record for the past
50,000 years updated from the Cariaco Basin.
— Quaternary Science Reviews, 25: 3216-3227.

Humrum O., ELBERLING B., HormES A., FiorRDHEIM K.,
Hansen O. H. & HeinemEIER J. (2005): Late-Ho-
locene glacier growth in Svalbard, documented
by subglacial relict vegetation and living soil
microbes. — Holocene 15: 396-407.

INGALLs, A.E., ANDERSON, R.F. & PEarson, A. (2004):
Radiocarbon dating of diatom-bound organic
compounds.-Marine Chemistry, 92: 91-105.

JuLL, AJ.T. & BURR, G. S. (2006): Accelerator mass
spectrometry: Is the future bigger or smaller?
— Earth and Planetary Science Letters, 243:
305-325.

Kromer B. & MonnicH O. (1992): CO, gas propor-
tional counting in radiocarbon dating--review
and perspective. In: TAYLor, R.E., Long, A. &
KRraA, R.S. (eds) Radiocarbon after four decades.
An interdisciplinary perspective: 184-197; New
York (Springer Verlag)

Kuzmin, Y.V., SLusarenko, 1.Y., HADAs, |., BoNAN,
G. & CHRISTEN, J.A. (2004): The comparison of
C-14 wiggle-matching results for the ‘floating’
tree-ring chronology of the Ulandryk-4 burial
ground (Altai mountains, Siberia). — Radiocar-
bon, 46: 943-948.

Laj, C., KisseL, C., Mazaup, A., CHANNELL, J.E.T. &
Beer, J. (2000): North Atlantic palaeointensity
stack since 75 ka (NAPIS-75) and the duration
of the Laschamp event. — Philosophical Trans-
actions of the Royal Society of London Series
a-Mathematical Physical and Engineering Sci-
ences, 358: 1009-1025.

Laj, C., KisseL, C., Scao, V., BEER, J., THOMAS,
D.M., GuiLLou, H., MuscHELER, R. & WAGNER,
G. (2002): Geomagnetic intensity and inclina-
tion Variations at Hawaii for the past 98 kyr
from core SOH-4 (Big Island): a new study and
a comparison with existing contemporary data.
— Physics of the Earth and Planetary Interiors,
129: 205-243.

Levin, |., HAMMER, S., KrROMER, B. & MEINHARDT,
F. (2008): Radiocarbon observations in atmo-
spheric CO2: Determining fossil fuel CO2
over Europe using Jungfraujoch observations
as background. — Science of The Total Environ-
ment, 391: 211-216.

LeviN, I. & HEssHAIMER, V. (2000): Radiocarbon - A
unique tracer of global carbon cycle dynamics.
— Radiocarbon, 42: 69-80.

Levin, I. & KromeR, B. (2004): The tropospheric
(C0O2)-C-14 level in mid-latitudes of the North-

ern Hemisphere (1959-2003). — Radiocarbon,
46: 1261-1272.

Lieey, W.F., ANDERSON, E.C. & ArNOLD, J.R. (1949):
Age Determination by Radiocarbon Content
- World-Wide Assay of Natural Radiocarbon.
— Science, 109: 227-228.

Loncin, R. (1971): New Method of Collagen Ex-
traction for Radiocarbon Dating. — Nature, 230:
241-242.

MANGERUD, J., BoNDEVIK, S., GULLIKSEN, S., KARIN
HUFTHAMMER, A. & HoisAETER, T. (2006): Marine
14C reservoir ages for 19th century whales and
molluscs from the North Atlantic. — Quaternary
Science Reviews, Critical Quaternary Stratigra-
phy, 25: 3228-3245.

Mann, W.B. (1983): An International Reference Ma-
terial for Radiocarbon Dating. — Radiocarbon,
25: 519-527.

MasARIK, J. & BEER, J. (1999): Simulation of particle
fluxes and cosmogenic nuclide production in the
Earth’s atmosphere. — Journal of Geophysical
Research, 104: 12099-12111.

McCormac, F.G., Hoce, A.G., BrLackweLL, P.G.,
Buck, C.E., HicHam, T.F.G. & RenvER, P.J.
(2004): SHCal04 Southern Hemisphere cali-
bration, 0-11.0 cal kyr BP. — Radiocarbon, 46:
1087-1092.

Mook, W.G. & VAN DER PLicHT, J. (1999): Reporting
C-14 activities and concentrations. — Radiocar-
bon, 41: 227-239.

NAvysmiTH, P., Scott, E.M., Cook, G.T., HEINE-
MEIER, J., VAN DER PLICHT, J., VAN STRYDONCK,
M., Rawmsey, C.B., GrooTes, P.M. & FREEmAN,
S.P.H.T. (2007): A cremated bone intercompari-
son study. — Radiocarbon, 49: 403-408.

NypAL, R., GuLLIksEN, S., LovseTH, K. & SKOGSETH,
F.H. (1984): Bomb C-14 in the Ocean Surface
1966-1981. — Radiocarbon, 26: 7-45.

NypaL, R. & LovsetH, K. (1965): Distribution of
Radiocarbon from Nuclear Tests. — Nature, 206:
1029.

NypaL, R. & LovsetH, K. (1983): Tracing Bomb
C-14 in the Atmosphere 1962-1980. — Journal
of Geophysical Research-Oceans and Atmo-
spheres, 88: 3621-3642.

NypAL, R., LovsetH, K. & SkocsetH, F.H. (1980):
Transfer of Bomb C-14 to the Ocean Surface.
— Radiocarbon, 22: 626-635.

Ousson, I. U., KaRLEN, |. & StenBerg, A. (1966):
Radiocarbon Variations in Atmosphere. — Tel-
lus, 18: 293.

PATERNE, M., AvLIFre, L.K., ArRNoLD, M., CABIOCH,
G., TisNeraT-LABORDE, N., HATTE, C., DOUVILLE,



Radiocarbon dating and its applications in Quaternary studies 23

E. & BaRrD, E. (2004): Paired C-14 and Th-230/
U dating of surface corals from the Marquesas
and Vanuatu (sub-equatorial Pacific) in the 3000
to 15,000 cal yr interval. — Radiocarbon, 46:
551-566.

PaweLczyk, S. & Pazpur, A. (2004): Carbon. iso-
topic composition of tree rings as a tool for
biomonitoring CO2 level. — Radiocarbon, 46:
701-719.

PioTrowskA, N. & GosLAR, T. (2002): Preparation
of bone samples in the Gliwice radiocarbon
laboratory for AMS radiocarbon dating. — Iso-
topes in Environmental and Health Studies, 38:
267-275.

Rawmsey, C.B. (2001): Development of the radio-
carbon calibration program. — Radiocarbon, 43:
355-363.

Rawmsey, C.B., Buck, C.E., ManNING, S. W., REIMER,
P. & vaN DER PLicHT, H. (2006): Developments
in radiocarbon calibration for archaeology. — An-
tiquity, 80: 783-798.

Rawmsey, C.B., vaN DER PLicHT, J. & WENINGER, B.
(2001): “‘Wiggle matching’ radiocarbon dates.
— Radiocarbon, 43: 381-389.

Rawmsey, C.B. (2008): Deposition models for chrono-
logical records. — Quaternary Science Reviews,
27: 42-60.

Rever, PJ., BaiLLie, M.G.L., Barp, E., BAvyLiss,
A., Beck, J.W., BErTrRAND, C.J.H., BLACKWELL,
P.G. & Buck, C.E. (2004a): IntCal04 Terrestrial
Radiocarbon Age Calibration, 0-26 Cal Kyr BP.
— Radiocarbon, 46: 1029-1058.

ReIMER, P.J., BaiLLig, M.G.L., BArD, E., BayLiss, A.,
Beck, J.W., BErTRAND, C.J.H., BLACKWELL, P.G.,
Buck, C.E., Burr, G.S., CuTLER, K.B., DAMON,
P.E., Ebwarps, R.L., FarBanks, R.G., Friep-
RrIcH, M., GuiLDERSON, T.P., HocaG, A.G., HUGHEN,
K.A., KroMER, B., McCormac, G., MANNING,
S., Rawmsey, C.B., Reiver, R.W., REMMELE, S.,
SouTHoN, J.R., STUIVER, M., TALAMO, S., TAYLOR,
F.W., vaN DER PLicHT, J. & WEYHENMEYER, C.E.
(2004b): IntCal04 terrestrial radiocarbon age
calibration, 0-26 cal kyr BP. — Radiocarbon, 46:
1029-1058.

ReIMER, P.J., Brown, T.A. & ReIMER, R.W. (2004c):
Discussion: Reporting and calibration of post-
bomb C-14 data. — Radiocarbon, 46: 1299-1304.

REIMER, P.J. & ReimMeER, R.W. (2001): A marine res-
ervoir correction database and on-line interface.
— Radiocarbon, 43: 461-463.

Rom, W., BrenninkMERER, C.A.M., Rawmsey, C.B.,
KutscHErRA, W., PRILLER, A., PUCHEGGER, S.,
Rockmann, T. & STeier, P. (2000): Methodologi-

cal aspects of atmospheric (CO)-C-14 measure-
ments with AMS. — Nuclear Instruments & Meth-
ods in Physics Research Section B-Beam Interac-
tions with Materials and Atoms, 172: 530-536.

Rozanski, K., Levin, I., Stock, J., FaLcon, R.E.G.
& Rusio, F. (1995): Atmospheric (CO2)-C-14
variations in the Equatorial region. — Radiocar-
bon, 37: 509-515.

Rurr, M., WACKER, L., GAGGELER, H.W., SuTER, M.,
SynaL, HAA. & Szipat, S. (2007): A gas ion
source for radiocarbon measurements at 200 kV.
— Radiocarbon, 49: 307-314.

ScotT, E.M. (2003a): Part 2: The Third International
Radiocarbon Intercomparison (TIRI). — Radio-
carbon, 45: 293-328.

ScotT, E.M. (2003b): Section 1: The Fourth Inter-
national Radiocarbon Intercomparison (FIRI).
— Radiocarbon, 45: 135-150.

ScotT, E.M. (2003c): Section 2: The Results. — Ra-
diocarbon, 45: 151-157.

ScoTT, E. M., BoaAreTTo, E., BrYANT, C., Cook, G.T.,
GuLLIKSEN, S., HARKNESs, D.D., HEINEMEIER, J.,
McGeg, E., NAYsSMITH, P. & PossnerT, G. (2004):
Future needs and requirements for AMS 14C
standards and reference materials. — Nuclear
Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and
Atoms, 223-224: 382-387.

ScotT, E.M., Cook, G.T. & NavsmitH, P. (2007a):
Error and uncertainty in radiocarbon measure-
ments. — Radiocarbon, 49: 427-440.

ScotT, E.M., Cook, G.T., NaysmiTH, P., BryanT, C.
& O’DonnELL, D. (2007b): A report on phase 1
of the 5th International Radiocarbon Intercom-
parison (VIRI). — Radiocarbon, 49: 409-426.

SIEGENTHALER, U., HEmmanN, M. & OEscHGER, H.
(1980): C-14 Variations Caused by Changes in
the Global Carbon-Cycle. — Radiocarbon, 22:
177-191.

SpaLpING, K.L., BHArRDWAL, R.D., BucHHoLz, B.A.,
Druib, H. & Frisen, J. (2005a): Retrospective
birth dating of cells in humans. — Cell, 122:
133-143.

SpaLDING, K.L., BucHHoLz, B.A., BEremaN, L.-E.,
Druip, H. & Frisen, J. (2005b): ForensicsAge
written in teeth by nuclear tests. — Nature, 437:
333-334.

STuIVER, M. & PoLacH, H.A. (1977): Reporting of
C-14 Data - Discussion. — Radiocarbon, 19:
355-363.

STUIVER, M. & REIMER, P. (1989): Histograms Ob-
tained from Computerized Radiocarbon Age
Calibration. — Radiocarbon, 31: 817-823.



24 IrRkA HAIDAS

STUIVER, M. & REIMER, P.J. (1986): A Computer-Pro-
gram for Radiocarbon Age Calibration. — Radio-
carbon, 28: 1022-1030.

Suess, H.E. (1955): Radiocarbon Concentration in
Modern Wood. — Science, 122: 415-417.

SuTer, M., DoseLl, M., GrAaICAR, M., MULLER, A.,
STOCKER, M., Sun, G., SYNAL, H.-A. & WACKER,
L. (2007): Advances in particle identification in
AMS at low energies. — Nuclear Instruments and
Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms, Accel-
erator Mass Spectrometry - Proceedings of the
Tenth International Conference on Accelerator
Mass Spectrometry, 259: 165-172.

SyNAL, H.-A., Stocker, M. & Suter, M. (2007):
MICADAS: A new compact radiocarbon AMS
system. — Nuclear Instruments and Methods
in Physics Research Section B: Beam Interac-
tions with Materials and Atoms, Accelerator
Mass Spectrometry - Proceedings of the Tenth
International Conference on Accelerator Mass
Spectrometry, 259: 7-13.

SvyNnAL, H.A., Bonani, G., DoBeLl, M., ENDER, R.M.,
GARTENMANN, P., Kusik, P.W., ScHnaBeL, C. &
SuTeR, M. (1997): Status report of the PSI/ETH
AMS facility. — Nuclear Instruments & Methods
in Physics Research Section B-Beam Interac-
tions with Materials and Atoms, 123: 62-68.

TAYLOR, R.E., Long, A. & KRra, R.S. (1992): Radio-
carbon after Four Decades. — 596 S., New York
(Springer-Verlag).

Turney, C.S.M., FirieLp, L.K., PALMER, J.G., Hoag,
A.G., BaiLLie, M.G.L., GALBRAITH, R., OGDEN,
J., Lorrey, A. & Tivs, S.G. (2007): Towards a
radiocarbon calibration for oxygen isotope stage
3 using New Zealand kauri (Agathis australis).
— Radiocarbon, 49: 447-457.

VAN DER PLicHT, J. & Hocg, A. (2006): A note on
reporting radiocarbon. — Quaternary Geochro-
nology, 1: 237-240.

VAN KLINKEN, G.J. & HebcEs, R.E.M. (1998): Chem-
istry strategies for organic C-14 samples. — Ra-
diocarbon, 40: 51-56.

VENKATESAN, M.I., Linick, T.W., Suess, HE. &
BucceLLaTi, G. (1982): Asphalt in C-14-Dated
Archaeological Samples from Terqa, Syria.-Na-
ture, 295: 517-519.

VOELKER, A.H.L., Grootes, P.M., Nabeau, M.J. &
SARNTHEIN, M. (2000): Radiocarbon levels in the
Iceland Sea from 25-53 kyr and their link to the
Earth’s magnetic field intensity. — Radiocarbon,
42: 437-452.

VoGEL, J.S., SoutHon, J.R., NeLson, D.E. & Brown,
T.A. (1984): Performance of Catalytically Con-
densed Carbon for Use in Accelerator Mass-
Spectrometry. — Nuclear Instruments & Methods
in Physics Research Section B-Beam Interac-
tions with Materials and Atoms, 233: 289-293.

VoerT, S., Herzog, G.F. & Reepy, R.C. (1990): Cos-
mogenic Nuclides in Extraterrestrial Materials.
— Reviews of Geophysics, 28: 253-275.

VoN Repen, K.F., McNicHoL, A.P., PEARsON, A. &
ScHNEIDER, R.J. (1998): C-14 AMS measure-
ments of <100 mu g samples with a high-current
system. — Radiocarbon, 40: 247-253.

WAGNER, G., BEER, J., LA, C., KisseL, C., MASARIK,
J., MusCHELER, R. & SyNAL, H.-A. (2000): Chlo-
rine-36 evidence for the Mono Lake event in the
Summit GRIP ice core. — Earth and Planetary
Science Letters, 181: 1-6.

Wane, Y.J., CHENG, H., EbwarDs, R.L., AN, Z. S,,
Wu, J. Y., SHen, C.C. & DoraLE, J.A. (2001): A
high-resolution absolute-dated Late Pleistocene
monsoon record from Hulu Cave, China. — Sci-
ence, 294: 2345-2348.



Eiszeitalter und Gegenwart

57/1-2 25-51 H. 2008
Quaternary Science Journal / 55 annover

Magnetic dating of Quaternary sediments, volcanites
and archaeological materials: an overview

*
ULricH HaMBACH, CHRISTIAN ROLF & ELISABETH SCHNEPP )

Abstract: Magnetic dating includes all approaches dealing with the temporal variation of the Earth’s mag-
netic field (EMF) as well as with the application of climate dependent variations of rock magnetic properties
of sedimentary sequences and their correlation to independently dated palacoclimatic archives. Palacomag-
netism has an outstanding impact on geosciences in general and especially on Quaternary chronology and
palacoclimate research. Palacomagnetic dating employs the temporal variation of the direction as well as the
intensity of the EMF on time scales from 107 to 107 years. The well-known temporal pattern of reversals of
the EMF on time scales from 10* to 107 years and the shorter secular variation (amplitude 10-30°, time scale
1 to 10° years) provide an excellent tool for stratigraphic subdivisions. Records of the intensity variations
of the EMF as well as the indirect dating by means of correlating rock magnetic property variations from
sedimentary archives to dated palacoclimatic records also serve as dating tools. Field methods as well as
laboratory methods and techniques in data analysis will not be discussed in this paper. It is our aim to give a
short and subjective overview on palacomagnetism and magnetic susceptibility stratigraphy as dating tools
in Quaternary science.

[Magnetische Datierung quartérer Sedimente, Vulkanite und archéologischer Materialien: Ein Uber-
blick]

Kurzfassung: Unter magnetischer Datierung versteht man sowohl die Verfahren, die die zeitlichen Variatio-
nen des Erdmagnetfeldes (EMF) zur Altersbestimmung benutzen, als auch die Verwendung der klimaabhéan-
gigen Anderungen der gesteinsmagnetischen Parameter und ihre Korrelation mit unabhiingig datierten pali-
oklimatischen Archiven. Die Paldomagnetik hat einen herausragenden Einfluss auf die Geowissenschaften
genommen und im Besonderen zur Etablierung der Chronologie des Quartérs und der Paldoklimaforschung
beigetragen. Die paldomagnetische Datierung benutzt die zeitlichen Variationen der Richtung wie der In-
tensitdt des EMFs auf Zeitskalen von 102 bis 107 Jahren. Das wohlbekannte zeitliche Muster von Polaritéts-
wechseln des EMFs auf Zeitskalen von 10* bis 107 Jahren wie auch die Sakularvariation (Amplitude 10-30°,
Zeitskala 1 bis 10° Jahre) stellen ein hervorragendes Werkzeug fiir die Unterteilung von sedimentiren oder
vulkanischen Gesteinsabfolgen dar. Aufzeichnungen der Anderungen der Intensitit des EMFs sowie die in-
direkte Datierungen iiber den Vergleich der Variation gesteinsmagnetischer Parameter in Sedimentarchiven
mit anderen datierten Paldoklimaserien konnen ebenfalls zur Datierung herangezogen werden. Weder die
Methoden im Geldnde und im Labor, noch die Techniken der Datenanalyse werden in dieser Publikation
angesprochen. Unser Ziel ist vielmehr, einen kurzen und subjektiven Uberblick iiber die Paliomagnetik bzw.
magnetische Suszeptibilitdtsstratigraphie als Datierungswerkzeug in der Quartarforschung zu geben.

Keywords: magnetic dating, Quaternary, palacomagnetism, secular variation, magnetic susceptibility,
stratigraphy
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