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Abstract 

Radiocarbon calibration based on dendro-chronology and U-series dated corals yield a calibration curve (INTCAL98) well 
into the Late Glacial, back to ca. 15,600 calendar years ago. Beyond this limit, various calibration curves are produced, mainly 
based on laminated sediments and various carbonates dated by U-series isotopes. Such calibration curves now cover the com
plete "C dating range of about 45,000 years, but are not consistent with each other. Each calibration method (other than 
dendro-chronology) has its own assumptions and pitfalls. Thus far, the calibration curve obtained from Lake Suigetsu lami
nated sediments is the only terrestrial (atmospheric) one. 
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Introduction 

The naturally occurring isotope 14C (Radiocarbon) is 
continuously produced in the earth's atmosphere by 
cosmic radiation. Radiocarbon is radioactive and de
cays with a half life of 5730 ± 40 years (Godwin, 
1962). A stationary state of production, distribution 
between the main carbon reservoirs (atmosphere, 
ocean and biosphere) and decay results in a more or 
less constant "C concentration in atmospheric C 0 2 

(Mook and Waterbolk, 1985; Mook and Streurman, 
1983). 

However, it is known for some time that the "C 
concentration of atmospheric CO, has not always 
been the same in the past. In tree rings, natural varia
tions of the atmospheric "CO, abundance were dis
covered on a time scale of one decade to a few cen
turies (De Vries, 1958). Later it was discovered that 
these variations can be attributed to variations in solar 
activity (Stuiver, 1965), which in turn influence the 

production of l4C in the atmosphere. Also changes of 
the geomagnetic field strength influence the produc
tion of "C in the atmosphere (Bucha, 1970). This is 
understood because both solar activity and geomag
netic field strength determine the amount of cosmic 
radiation impinging on the earth. In addition the at
mospheric "CO, concentration also depends on ex
change between the atmosphere and ocean. 

Because of these variations in the natural "C con
centration, the "C clock runs at a varying pace, dif
ferent from real clocks: I4C time is not equivalent to 
historical time. Therefore, the "C timescale is defined 
and has to be calibrated to establish the relationship 
between 14C time and historical time. 

By definition, the 14C timescale is expressed in BP 
(Before Present), where 'Present' is the 'standard 
year' 1950 AD (Mook and Van der Plicht, 1999). Ra
diocarbon measurements are always measured with 
respect to a standard (Oxalic Acid with a radioactivity 
of 0.226 Bq/gC) which corresponds to 1950. By con-
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vention, this definition includes correction for iso-
topic fractionation (to 138 = -25%o) and uses the origi
nal value for the 14C halflife (5568 years), used in the 
early days of the 14C dating method (Libby, 1955). We 
note that this definition applies to both the conven
tional method (radiometry) and AMS (mass spec
trometry). 

Calibration involves measuring samples by both the 
14C method (in BP) and another method. Ideally this 
other method has to be independent from 14C, yield
ing absolute dates (in AD/BC), and the samples have 
to be terrestrial (atmospheric). 

The ideal samples for calibration are tree rings, be
cause they can be dated absolutely by means of den
drochronology. Following the early work of Suess et 
al. (Suess, 1978), the 14C community has issued spe
cial issues of the journal Radiocarbon with calibration 
curves based on dendrochronology (Stuiver and Kra, 
1986; Stuiver et al., 1993). The latest and presently 
recommended calibration curve is INTCAL98 (Stu
iver and Van der Plicht, 1998). The dendro-chrono-
logical part of INTCAL98 covers practically the com
plete Holocene. 

Because of the irregular shape of the calibration 
curve, the translation of a 14C age (in BP) into a cal
endar age is not straightforward. Special calibration 
software has been developed, producing calibrated 
age ranges with l o or 2a confidence intervals (Bronk 
Ramsey, 1998; Van der Plicht, 1993; Stuiver and 
Reimer, 1993). Calibrated ages are reported in calBC 
or calAD (Mook 1986). In addition, calBP is used, 
where calBP = 1950 - calAD or calBP = 1949 + cal
BC, (calBP means calibrated or calendar years before 
1950). 

Beyond the Holocene boundary, dendrochronology 
does not exist. For the purpose of calibrating the 14C 
time scale, therefore one has to use other methods. A 
variety of such methods is employed, each with their 
own assumptions, limits and pitfalls. The 'absolute' 
timescale is usually the result of a measurement and 
thus it is not truly absolute; the 14C timescale is often 
obtained from non-terrestrial sample materials, mak
ing assumptions for possible reservoir effects neces
sary. A variety of 14C 'calibration curves' are pro
duced, extending back to cover the complete 14C dat
ing range of ca.45,000 years. These are compared and 
discussed in another special issue of the journal Ra
diocarbon (Van der Plicht, 2000). For times back to 
ca. 20,000 calBP consensus likely will be reached 
soon; for the older ages, the various curves strongly 
deviate from each other. Nevertheless, important in
formation on 14C variations in the past - and thus on 
calibration of the 14C timescale - can be deduced 
from the available data. Altogether, for 14C calibration 

remarkable progress has been made the last few years, 
in particular made possible by employing AMS. 

Calibration methods 

Calibration information is based on paired measure
ments of 14C vs. another independent dating method. 
We can make the following inventory: 
a) tree rings measured by both 14C and dendro

chronology (absolute) in principle, only this is true 
calibration because of the 'absolute'character 

b) tree rings measured by both 14C and dendro
chronology (floating) floating chronology has to be 
matched to absolute chronology 

c) corals dated by both 14C and U-decay series ma
rine reservoir effect for !4C; U-series not necessarily ab
solute 

d) laminated ('varved') sediments which contain 14C 
datable material floating chronology; varve counting 
can be problematic 

e) speleothems dated by both 14C and U-decay series 
reservoir effects for 14C; U-series not absolute; growth 
interruptions? 

f) Radiocarbon vs. Thermoluminescence (TL) large 
errors; TL not organic 

g) Radiocarbon vs. dating methods such as 40/39Ar, 
ESR, OSL, AAR large errors; limited practical use 

h) reconstructions comparison of events in 14C stratigra
phy with those in ice cores, etc. 

This inventory consists of 8 categories, with a one-
line summarizing remark in italics, stating assump
tions, validity, etc., for each particular method. Each 
of these categories will be discussed in detail below. 

INTCAL98 

The presently recommended calibration curve INT-
CAL98 (Stuiver et al. 1998) is constructed from 
records from the above categories a, b and c. The fol
lowing remarks can be made concerning the selection 
of these records: 

Ad a) Strictly speaking, only this part is a true cali
bration curve since dendrochronology is the only dat
ing method which is absolute. This part of the calibra
tion curve is the product of high-resolution 14C mea
surements on mainly German oak, Irish oak, US 
Bristlecone pine and US Douglas fir. These measure
ments have been performed during the last decennia 
by several laboratories (Belfast, Heidelberg, Pretoria, 
Seattle, Tucson and Groningen), using high precision 
conventional dating and mutual cross-checking. The 
absolute tree ring chronology yields a calibration 
curve, now reaching back to 8329 calBC (Kromer 
and Spurk, 1998; Stuiver et al., 1998). 
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Ad b) A 1900 year long floating chronology for Ger
man pine trees is matched (using the 14C measure
ments) to the absolute tree ring chronology, extend
ing the calibration record back to 9908 calBC 
(Kromer and Spurk, 1998). The uncertainty of the 
match is ca. 20 calendar years. 

Ad c) For the time frame beyond the tree-ring lim
it, corals can be used for calibration purposes. The 
record consists of paired measurements 14C vs. U-se-
ries dating (Bard et al., 1998; Burr et al., 1998). Con
trary to tree rings which are atmospheric, the coral 
record is marine so the calibration curve beyond the 
tree ring limit is 'marine derived'. 

One has to be aware of the following constraints us
ing these data: 
1) Concerning 14C dating: Because the coral part of 

the curve is marine, there is a 'reservoir effect' cor
rection. For INTCAL98, this reservoir age is tak
en as 400 and 500 years for times younger and 
older than 10,000 calBP, respectively. These are 
very reasonable numbers, but it remains an as
sumption. Furthermore, reservoir ages are now 
known to be significantly larger during Late 
Glacial and Glacial times, at least in the South
west Pacific (Sikes et al., 2000). As another addi
tional possible complication, rapid atmospheric 
14C fluctuations are damped by the ocean. 

2) Concerning U/Th dating: the U-series dates are a 
result of a measurement, which is different from 
dendrochronology which is simply based on tree-
ring counting. For U-series dating, the sample 
needs to be part of a closed system, i.e., no U or 
Th isotopes should exchange with the environ
ment since fossilization. For corals, this is a valid 
assumption in general. Thus, these measurements 
are considered reliable and understood, but are by 
definition not absolute. 

All together, INTCAL98 was and is the calibration 
curve recommended for general use until further no
tice. The INTCAL98 curve covers the time from the 
present back to 13635 calBC (15585 calBP), and is 
based on the records a) b) and c) as listed in the 
above inventory. 

As an exception to the rule, marine varved sedi
ments from the Cariaco Basin (Hughen et al. 1998a, 
1998b) are included in INTCAL98 because it 
strengthened the tree ring / coral link considerably at 
the time. The assumptions here are 1) the marine 
reservoir correction for 14C, and 2) the accuracy of 
varve counting. 

The INTCAL98 calibration curve is shown in 
Fig.l: the dendro-chronological part (both absolute 
and floating) in red, and the marine derived part in 
blue. The calibration dataset is decadal, i.e., it has a 
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Fig. l .The 14C calibration curve INTCAL98 (Stuiver et al., 1998), based on dendrochronologically dated wood (red) and corals dated by 
both 14C and U-series (blue). 

Netherlands Journal of Geosciences / Geologie en Mijnbouw 81(1)2002 87 

https://doi.org/10.1017/S001677460002059X Published online by Cambridge University Press

https://doi.org/10.1017/S001677460002059X


resolution of 10 calendar years. The uncertainties 
plotted are la . 

The coral calibration data points cover mainly the 
Late Glacial Period, with additional (low-time resolu
tion) data to the Last Glacial Maximum (LGM) and 
2 isolated data points at ca. 30,000 and 41,000 cal BP 
(Bard et al., 1998). This resolution, however, is too 
low in order to describe the part beyond 15585 cal 
BP as a 'calibration curve'. In addition, there are con
flicting records for this time range, as will be dis
cussed in the next paragraph. Because of these con
flicts, no records based on d-h from the above inven
tory have been used for INTCAL98 (except the data 
from the Cariaco Basin, as mentioned above). 

Beyond INTCAL98 

Beyond INTCAL98, calibration information for the 
14C timescale is based on records from the categories 
d)-h) from the above inventory. All of these categories 
have their own problems, as will be discussed below. 

Ad d) Laminated sediments yielding varve chro
nologies are only absolute when they extend to the 
present and when the laminations are truly annual. 
However, all varve chronologies are floating (none ex
tends to the present) and thus have to be matched to 
the calibration curve; counting of laminations is quite 
often problematic. Revisions had to be made often in 
the past (see e.g. Wohlfarth 1996). Annual layer iden
tification can be a personal affair, and there can be 
hiatuses in the sediment. Individual chronologies are 
not internally checked like treerings, where missing or 
double rings can be identified by cross-dating. In ad
dition, reservoir effects have to be reconciled for ma
rine or lacustrine sediments. 

Ad e) Calibration work based on dating speleo-
thems depends on assumptions for both methods. For 
14C there is the reservoir effect: the initial conditions 
of fossil carbon has to be known, and this reservoir 
correction is assumed to be constant throughout 
time. For U/Th, the initial 230Th present during 
speleothem growth has to be known (Beck et al., 
2000). Furthermore there can be periods of reduced 
growth (Vogel and Kronfeld, 1997). In general, U-se-
ries dating of speleothems is not as reliable as dating 
of marine corals by the same method. 

Ad f) The practical use of TL for calibration pur
poses is limited because of the large error bars for this 
method. In addition, TL does not work for organic 
material, so comparison with 14C is only possible by 
association (e.g., pottery dated with TL, vs. charcoal 
dated with 14C). No calibration curves can be con
structed, but many data points in BP vs. calBP plots 
exist. For the complete 14C dating range, useful 

14C/TL comparisons have been made (Barbetti 1980) 
in an attempt to reconstruct the geomagnetic field 
strength during the past (Barbetti and Flude, 1979). 
Ad g) Comparing 14C dates with results based on 
these techniques (ESR: Electron Spin Resonance dat
ing, OSL: Optically Stimulated Luminescence dating 
and AAR: dating by Amino Acid Racemization and 
40/39Ar dating) have been used only incidental, and the 
use is limited for the same reason as TL (large errors; 
association based). These are only mentioned here to 
give a complete overview. 

Ad h) Radiocarbon 'calibration curves' can be re
constructed by linking series of 14C measurements to 
archives such as ice cores and pollen sequences. 
Voelker et al. (2000) use 14C and l sO from marine 
sediment foraminifera. The l sO shows Dansgaard/ 
Oeschger cycles which could be linked to the same 
signals in the nearby GISP2 ice core, so that the 
GISP2 timescale can be used as a 'calibrated 
timescale' for the 14C measurements. 

Sediments with a 14C time/depth relation have also 
been used to reconstruct 'calibration curves'.This can 
be done when (absolute) time markers are identified, 
like clear boundaries between pollen zones. As an ear
ly example for the Late Glacial/Early Holocene, see 
Zbindenetal. (1989). 

A survey of comparison measurements based on 
the methods e, f, and g from the above inventory 
shows large variations - up to many millennia for the 
Glacial part (> = 20,000 cal BP). It is illustrative to 
plot paired 14C / 'other method' (BP vs. calBP) for all 
data available to date. For reasons of clarity, the data 
are compared with the 'equiline' (calBP = 1950 - cal-
AD). Fig.2 shows 14C versus T L in green as published 
over the years in a variety of studies (Barbetti, 1980; 
Mellars, 2000; Richter et al., 2000; Huxtable and 
Aitken, 1977; Prescott and Smith, 1993; Bell, 1991; 
Zhu et al., 1999; Readhead, 1988; Roberts et al., 
1990). Single data points for OSL (Abeyratne et al., 
1997), ESR (Mellars, 2000), AAR (Farrand, 1994) 
and 39/40Ar (Geyh and Schluchter, 1998) are shown 
here as well. 

The data showing 14C versus U/Th taken from: a), 
a literature survey plotted in red (Bischoff et al., 
1994; Chappell and Veeh, 1978; Geyh and 
Schluchter, 1998; Holmgren et al., 1994; Lin et al., 
1996; Lin et al., 1998; Lomitschka and Mangini, 
1999; Vogel and Kronfeld, 1997; Goslar et al., 2000a, 
Schramm et al., 2000; Yokoyama et al., 2000) and b) 
the 'reference data set' of coral calibration data plot
ted in blue (Bard et al., 1998). 

Measurements with quoted errors > 2500 years 
( la) are omitted. The only conclusion one can draw 
from this compilation is that (apart from the coral da-
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Fig. 2. Comparison of 14C versus other dating methods. Green: various techniques, red: U-series dating, blue: U-series dating of corals (Bard 
et al., 1998). All errors correspond to la . 

ta set) the records deviate to strongly from each other 
to yield anything like a calibration curve. Clearly, the 
assumptions underlying each particular method (as 
discussed above) have to be further investigated. In 
any case, calibration cannot be done by interpolating 
between a few coral data points (Bard et al., 1998). 

Laminated sediments 

The first varve chronologies used for 14C calibration 
purposes where the Swedish varves (Tauber, 1970) and 
varves from Lake of the Clouds in Minnesota, USA 
(Stuiver, 1970). At that time, dendrochronologically 
based 14C calibration curves were limited in time scale, 
and the varved records gave unique information on 
Late Glacial atmospheric 14C variations (Stuiver et al., 
1986). The 14C measurements were conventional, and 
not very detailed. After the introduction of AMS it be
came possible to obtain detailed varve chronologies by 
measuring material from individual laminations - such 
as pollen, seeds, leaves and insects. Over the years, new 
or revised varve/14C chronologies were obtained for 
Sweden (Wohlfarth, 1996), Holzmaar/ Germany (Haj-
das et al., 1995), Soppensee/Switserland (Hajdas et al., 
1993), Lake Gosciaz/Poland (Goslar, 2000b) and 
Meerfelder Maar/Germany (Brauer et al., 2000). 

Calibration information based on these varved 
records from Europe does extend beyond the den
drochronology limit, but never further than ca. 
13,000 calBP (Wohlfarth, 1996; Bjorck et al., 1996; 
Goslar et al., 2000b). 

A recently established chronology from Lake 
Suigetsu in Japan, however, shows laminations for the 
past 100,000 years, which are likely to be annual 
(Kitagawa andVan der Plicht, 1998, 2000). 

The sediments from a 75 m long continuous core 
are characterized by dark-coloured clay with white 
layers due to spring season diatom blooms. Thus far, 
more than 300 terrestrial macrofossil samples (leaves, 
insect remains, branches) were measured by the 
Groningen AMS facility. 

Until now, the varve numbers have been counted in 
the 10.42-30.45 m deep section interval. This Lake 
Suigetsu floating varve chronology consists of 29,100 
varves. The features in our data overlapping the tree 
ring calibration agree very well, even for 'wiggles' in 
the 14C calibration curves. Using this match we de
fined the absolute time scale, which then covers the 
absolute age range from 8830 to 37,930 calBP. The 
combined 14C and varve chronologies from Lake 
Suigetsu can be used to calibrate the 14C time scale 
beyond the range of the absolute tree-ring calibration. 
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Fig. 3. The 14C calibration curve from Lake Suigetsu, Japan (Kitagawa and Van der Plicht, 2000), based on more than 300 AMS measure

ments of organic material from the laminated sediment. 

Figure 3 shows an atmospheric 14C calibration curve 
for almost the complete 14C dating range (< 45,000 
calBP). 

Note that the accumulated counting error in the 
varved chronology is estimated as 2000 calendar years 
for the older part of the record (Kitagawa and Van der 
Plicht, 1998).Therefore, as with all such datasets, one 
has to be careful using the term 'calibration curve', be
cause the varved chronology is not (yet) established as 
'absolute' (Van der Plicht, 1999). The older ages 
should be considered as 'minimum ages'. 

The latest review of the data sets can be found in 
the varve/comparison special issue of Radiocarbon 
(Van der Plicht, 2000). The varved sediments were 
not included in INTCAL98 because of conflicting 
records; the European varve chronologies have been 
revised many times in the past, and the Japanese 
varve chronology needs to be confirmed since there 
are conflicts with other records (discussed in the next 
paragraph). 

Discussion of the oldest part of the 
scale 

4C time 

Fig. 4 shows a comparison plot in terms of A14C, 
which is the atmospheric 14COz content, in per mil 

deviation from the standard and corrected for ra
dioactive decay (Mook and Van der Plicht, 1999). 

In green, the dendrochronological part of INT-
CAL98 (Stuiver et al. 1998) is plotted, in red, the 
coral dataset of Bard et al. (1998), and in blue, the 
updated dataset for the Lake Suigetsu varves (Kita
gawa and Van der Plicht, 2000). 

The 'band' (between the 2 black solid lines) shows 
the range of atmospheric A14C values calculated from 
palaeomagnetic stack measurements (Guyodo and 
Valet, 1996). Note that the 2 black solid lines corre
spond to 2a errors. Similar A14C yields result from 
calculations of cosmogenic radionuclide production, 
derived from stacked 10Be deposition rates (Frank, 
2000). 

The long-term trend in A14C agrees well with re
construction of cosmogenic isotope production rate 
deduced by the 10Be deposition and geomagnetic field 
intensity reconstruction (Bard, 1997). For this time 
span, we observe two pronounced peaks in A14C at 
23,000 and 31,000 cal BP. These apparent A14C in
creases correspond to an increase in the concentra
tion of another cosmogenic isotope, 10Be, observed in 
ice cores and marine sediments. 

The peak at 31,000 cal BP is about 300 per mil in 
A14C after removing the long-term geomagnetic 
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trend. For 10Be, a factor of 2 is observed in Antarctic 
ice cores at 35,000 cal BP (Raisbeck et al., 1987). 
Such increase during 2 millennia corresponds to a 
14C increase by a factor 1.3, equivalent to 300 per mil, 
which is exactly what is observed in the data from 
Lake Suigetsu. 

The time gap between the 14C and 10Be enhance
ments can be explained by errors in both varve and 
ice core chronologies. 

Beyond 30,000 calBP, fluctuations in A14C are 
shown in conflict with the general geomagnetic trend. 
The large peak at 31,000 calBP is attributed to a 
magnetic excursion (Kitagawa and Van der Plicht 
1998a). Such excursions (known as Mono Lake 
and/or Laschamp) have also been observed in other 
cosmogenic isotope records: 10Be in the ice cores Vos-
tok (at 35,000 cal BP, Raisbeck et al., 1987) and 
GRIP (at 41,000 cal BP,Yiou et al., 1997), 10Be in 
marine sediments from the Mediterranean Sea (at 
37,000 cal BP, Castagnoli et al., 1995), the Gulf of 
California (at 32,000 cal BP, McHargue et al., 1995) 
and the Caribbean Sea (at 37,000 cal BP, Aldahan 
and Possnert, 1998), and 36C1 in the GRIP ice core 
(at 38,000 cal BP, Baumgartner et al., 1998; at 
32.000 cal BP,Wagner et al., 2000). 

Recently, the Mono Lake and Laschamp excur
sions were observed at 34,000 and 41,000 calBP, re

spectively, in a marine sediment from the Icelandic 
Sea (Voelker et al., 2000). Also this record comprises 
a 14C 'calibration dataset' by comparing GISP2 and 
sea-core events: method h from the above inventory. 
Also new records show cosmogenic peaks, at different 
times and sometimes with extremely large amplitudes 
(Beck et al., 2000).The latter data are measured for a 
stalagmite from the Bahamas, dated by both 14C and 
U-series isotopes - method e from the above invento
ry. Taking the U-series dates as absolute, assuming a 
continuous growth and for 14C a (constant) reservoir 
age of 1500 years, peaks up to 1600 a are observed in 
the derived A14C signal. These are higher than the so 
called bomb-peaks resulting from atmospheric nu
clear weapons testing during the 1950s and 1960s. 
Obviously there is a lot of room for discussion here 
concerning the 'absolute' time scale calBP, and cau
tion concerning the influence of this time scale on 
peaks in the A14C signal is necessary: deviations from 
the true calendar age may have strong effects on cal
culated A14C values. 

The latest development concerns a detailed 14C 
stratigraphic investigation of Palaeolithic sites 
throughout the Eurasian plain, from Western Europe 
to Central Asia. Terrestrial cold and warm signatures 
(permafrost resp. soil formation) can be correlated 
with climate signals from ice cores (Heinrich-events 
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and Dansgaard/Oeschger cycles). Concerning the 
chronologies, it appears that 14C-dated events corre
spond with the GISP2 time scale, when calibrated 
with the calibration curve from Lake Suigetsu. A full 
report will be published in the near future (Haesaerts 
et al., in preparation). 

Discussion of the Deglaciation period 

For the Late Glacial period, the Japanese varve data 
agree very well with the marine calibrations obtained 
by combined U/Th and 14C dating of corals (Bard et 
al., 1998; Burr et al., 1998). These data also agree 
with the varved sediments from Lake Gosciaz (Goslar 
et al., 2000b), and with marine varves from the Caria-
co Basin (Hughen et al., 1998a,b).The detailed A14C 
record for the last ca. 20,000 years shows millenni
um-scale fluctuations, superimposed on a long term 
increasing trend, resulting from a decreasing geomag
netic intensity and consistent with 10Be records 
(Bard, 1997). 

For the time period younger than 10,000 calBP, the 
reservoir effect R for the corals is taken as 400 14C 
years in INTCAL98; for the part older than 10,000 
calBP, R=500 14C years. There is a good agreement 
between INTCAL98, Lake Suigetsu and Lake Gosci
az back to 12,500 calBP. Beyond 12,500 calBP, a sys

tematic offset between Lake Suigetsu and INT-
CAL98 was observed (Stuiver et al., 1998), which 
was one of the reasons for not incorporating part of 
the Japanese varve record in INTCAL98.These three 
data sets (INTCAL98, Lake Suigetsu and Lake Gos
ciaz in blue, red and green, respectively) are plotted in 
Fig. 5. Now it appears that the same offset also exists 
for Lake Gosciaz. So, either there is an underestima
tion of varve counts (also equal in size) in both Lake 
Suigetsu and Lake Gosciaz, or the value for R in this 
part of INTCAL98 should be revised to about 400 
years. This hypothesis is supported by new data from 
the Cariaco Basin, extending the time scale for this 
data set by several more millennia (Southon et al., 
2000). Back to about 20,000 calBP, there is now 
emerging a remarkable agreement between Lake 
Suigetsu and the Cariaco Basin. 

Conclusion 

Radiocarbon calibration for the complete dating 
range of ca. 50,000 years remains to be qualified as 
'work in progress'. It is obvious that this is in particu
lar true for the period > 20,000 calBP, where records 
deviate from each other; in particular for the oldest 
part of the 14C dating range. Several 'calibration 
curves' could be constructed, differing up to many 
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Fig. 5. Radiocarbon calibration records for the period 8-16,000 years ago: INTCAL98 (blue; Stuiver et al., 1998) compared with varved sedi
ments from Poland (Lake Gosciaz, green; Goslar et al., 2000b) and Japan (Lake Suigetsu, red; Kitagawa and Van der Plicht, 2000). 
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millennia at ca. 45,000 years ago. Nevertheless there 
is a wealth of important information on 14C variations 
in the past available in these records. The dates from 
the laminated sediment of Lake Suigetsu, at present, 
form the only terrestrial data set. But considering the 
large discrepancies with other data sets, it needs to be 
confirmed. An independent terrestrial, high resolu
tion A14C record is needed before all observed events 
can be explained. 

The curve INTCAL98 carries the status 'recom
mended' by the international Radiocarbon communi
ty (Stuiver and Van der Plicht, 1998). This calibration 
curve is based on dendrochronology for the largest 
part, with extension to 15585 calBP based on paired 
14C/U-series dates obtained from corals. 

The INTCAL98 curve remains recommended, but 
relatively small adjustments (*=100 14C years) for the 
marine part are likely. 

Beyond INTCAL98, a calibration curve for times 
to 20,000 cal BP is emerging based on both Lake 
Suigetsu (Kitagawa and Van der Plicht, 2000) and the 
Cariaco Basin (Southon et al., 2000), supported by 
some datapoints from the U-series dated corals that 
already existed (Bard et al., 1998) and the Polish 
varves (Goslar et al., 2000b). Efforts are already un
derway to prepare decisions at the next Radiocarbon 
conference. 

References 

Abeyratne, M., Spooner, N.A., Griin, R. & Head, J., 1997. Multi-
dating studies of Batadomba cave, Sri Lanka. Quaternary Sci
ence Reviews 16: 243-255. 

Aldahan, A. & Possnert, G., 1998. A high resolution 10Be profile 
from deep sea sediment covering the last 70 ka: indication for 
globally synchronized environmental events. Quaternary 
Geochronology 17:1023-1032. 

Barbetti, M., 1980. Geomagnetic strength over the last 50,000 
years and changes in atmospheric 14C concentration: emerging 
trends. Radiocarbon 22: 192-199. 

Barbetti, M. & Flude, K., 1979. Geomagnetic variation during the 
late Pleistocene period and changes in the radiocarbon time 
scale. Nature 279: 202-205. 

Bard, E., 1997. Nuclide production by cosmic rays during the last 
Ice Age. Science 277: 532-533. 

Bard, E., Arnold, M., Hamelin, B., Tisnerat-Laborde, N. & 
Cabioch, G., 1998. Radiocarbon calibration by means of mass 
spectrometric 230Th/234U and HC ages of corals: an updated data
base including samples from Barbados, Mururoa and Tahiti. Ra
diocarbon 40: 1085-1092. 

Baumgartner, S., Beer J., Masarik, J., Wagner, G., Meynadier, L. & 
Synal, H.A., 1998. Geomagnetic modulation of the 36C1 flux in 
the GRIP ice core. Science 279: 1330-1332. 

Beck,W., Richards, D., Herrera, S., Calsoyas, L., Donahue, D., Ed
wards, L., Smart, P., Burr, G. & Jull.T., 2000.230Th and ">C dat
ing of speleothems from the Bahamas: implications for calibra
tion of the Radiocarbon timescale to 45 ka BP. Abstract, 17th In
ternational Radiocarbon Conference, Israel, June 2000. 

Bell, W.T., 1991. Thermoluminescence dates for the Lake Mungo 

Aboriginal fireplaces and the implications for Radiocarbon dat
ing. Archaeometry 33: 43-50. 

Bischoff, J.L., Ludwig, K., Garcia, J.F., Carbonell, E.,Vaquero, M., 
Stafford, T.W. & Jull, A.J.T., 1994. Dating of the Basal Aurigna-
cian Sandwich at Abric Romani (Catalunya, Spain) by Radiocar
bon and Uranium-series. Journal of Archaeological Science 21: 
541-551. 

Bjorck, S., Kromer, B., Johnsen, S., Bennike, O., Hammarlund, D., 
Lemdahl, G., Possnert, G., Rasmussen, T.L., Wohlfarth, B., 
Hammer, C.U. & Spurk, M., 1996. Synchronized terrestrial-at
mospheric deglacial records around the North Atlantic. Science 
274: 1155-1160. 

Brauer, A., Endres, C , Zolitschka, B. & Negendank, J., 2000. AMS 
radiocarbon and varve chronology from the annually laminated 
sediment record of Lake Meerfelder Maar, Germany. Radiocar
bon 42: 355-368. 

Bronk Ramsey, C., 1998. Probability and dating. Radiocarbon 40: 
461-474. 

Bucha,V., 1970. Influence of the earth's magnetic field on radiocar
bon dating. In: Olsson, I.U. (ed.): Radiocarbon variations and 
absolute chronology (Nobel Symposium 12). Almqvist & Wiksell 
(Stockholm): 501-512. 

Burr, G.S., Beck, J.W., Taylor, F.W., Recy, J., Edwards, R.L., 
Cabioch, G., Correge, T , Donahue, D.J. & O'Malley, J.M., 
1998. A high resolution radiocarbon calibration between 11,700 
and 12,400 calendar years BP derived from 230Th ages of corals 
from Espiritu Santo Island, Vanuatu. Radiocarbon 40: 1093-
1105. 

Castagnoli, C.G., Albrecht, A., Beer, J., Bonino, G., Shen, C , Cal-
legari, E.,Taricco, C , Ditrich-Hannen, B., Kubik, P., Suter, M. 
& Zhu, G.M., 1995. Evidence for enhanced 10Be deposition in 
Mediterranean sediments 35 kyr BP. Geophysical Research Let
ters 22: 707-710. 

Chappell, J. &Veeh, H.H., 1978.230Th/2,4U age support of an inter-
stadial sea level of-40 m at 30,000 yr BP. Nature 276: 602-604. 

DeVries, H., 1958. Variation in concentration of radiocarbon with 
time and location on earth. Koninklijke Nederlandse Akademie 
vanWetenschappen Proceedings series B(61): 1-9. 

Farrand, W.R., 1994. Confrontation of geological stratigraphy and 
radiometric dates from Upper Pleistocene sites in the Levant. 
In:.Bar-Yosef, O. & Kra, R. (eds.): Late Quaternary Chronology 
and Paleoclimates of the Eastern Mediterranean. The University 
of Arizona, Tucson: 33-53. 

Frank, M., 2000. Comparison of cosmogenic radionuclide produc
tion and geomagnetic field intensity over the last 200,000 years. 
Philosophical Transactions of the Royal Society. London A358: 
1089-1107. 

Geyh, M.A. & Schliichter, C , 1998. Calibration of the 14C time 
scale beyond 22,000 BP. Radiocarbon 40: 475-482. 

Godwin, H., 1962. Half life of Radiocarbon. Nature 195: 984. 
Goslar, T.F., Hercman, H. & Pazdur, A., 2000a. Comparison of U-

series and Radiocarbon dates of speleothems. Radiocarbon 42: 
403-414. 

Goslar, T.F., Arnold, M., Tisnerat-Laborde, N., Hatte, C , Paterne, 
M. & Ralska-Jasiewiczowa, M., 2000b. Radiocarbon calibration 
by means of varve versus 14C ages of terrestrial macrofossils from 
Lake Gosciaz and Lake Perespilno, Poland. Radiocarbon 42: 
335-348 

Guyodo, Y. & Valet, J.P., 1996. Relative variations in geomagnetic 
intensity from sedimentary records: the past 200 thousand years. 
Earth and Planetary Science Letters 143: 23-36. 

Hajdas, I., 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 
years BP. Climate Dynamics 9: 107-116. 

Netherlands Journal of Geosciences / Geologie en Mijnbouw 81(1)2002 93 

https://doi.org/10.1017/S001677460002059X Published online by Cambridge University Press

https://doi.org/10.1017/S001677460002059X


Hajdas, I., Zolitschka, B., Ivy-Ochs, S.D., Beer, J., Bonani, G., 
Leroy, S.A.G., Negendank, J.W., Ramrath, M. & Suter, M., 
1995. AMS radiocarbon dating of annually laminated sediments 
from lake Holzmaar, Germany. Quaternary Science Reviews 14: 
137-143. 

Holmgren, K., Lauritzen, S.E. & Possnert, G., 1994. 23»Th/234U 
and 14C dating of a Late Pleistocene stalagmite in Lobatse II 
cave, Botswana. Quaternary Geochronology 13: 111-119. 

Hughen, K.A., Overpeck, J.T., Lehman, S.J., Kashgarian, M., 
Southon, J., Peterson, L.C., Alley, R. & Sigman, D.M., 1998a. 
Deglacial changes in ocean circulation from an extended radio
carbon calibration. Nature 391: 65-68. 

Hughen, K.A., Overpeck, J.T., Lehman, S.J., Kashgarian, M., 
Southon, J. & Peterson, L.C., 1998b. A new 14C calibration 
dataset for the Last Deglaciation based on marine varves. Radio
carbon 40: 483-494. 

Huxtable, J. & Aitken, M.J., 1977. Thermoluminescent dating of 
Lake Mungo geomagnetic polarity excursion. Nature 265: 40-41. 

Kitagawa, H. & Van der Plicht, J., 1998. Atmospheric radiocarbon 
calibration to 45,000 yr BP: Late Glacial fluctuations and cos-
mogenic isotope production. Science 279: 1187-1190. 

Kitagawa, H. & Van der Plicht, J., 2000. Atmospheric radiocarbon 
calibration beyond 11,900 calBP from Lake Suigetsu laminated 
sediments. Radiocarbon 42: 369-380. 

Kromer, B. & Spurk, M., 1998. Revision and tentative extension of 
the tree-ring based 14C calibration, 9,200-11,855 calBP. Radio
carbon 40: 1117-1125. 

Libby,W.R, 1955. Radiocarbon dating. Chicago, University press, 
Re-issued 1965. 

Lin, J.C., Broecker, W.S., Anderson, R.F., Hemming S., Ruben-
stone, J.L. & Bonani, G., 1996. New 230Th/U and 14C ages from 
lake Lahontan carbonates, Nevada, USA, and a discussion of the 
origin of initial thorium. Geochimica Cosmochimica Acta 60: 
2817-2832. 

Lin, J.C., Broecker, W.S., Hemming, S.R., Hajdas, I., Anderson, 
R.F., Smith, G.I., Kelley, M. & Bonani G., 1998. A reassessment 
of U-Th and 14C ages for Late Glacial high-frequency hydrologi-
cal events at Searles Lake, California. Quaternary Research 49: 
11-23. 

Lomitschka, M. & Mangini, A., 1999. Precise Th/U-dating of small 
and heavily coated samples of deep sea corals. Earth and Plane
tary Science Letters 170: 391-401. 

McHargue, L.R., Damon, P.E. & Donahue, D.J., 1995. Enhanced 
cosmic-ray production of 10Be coincident with the Mono Lake 
and Laschamp geomagnetic excursions. Geophysical Research 
Letters 22: 659-662. 

Mellars, P., 2001. Chatelperronian chronology and the case for the 
Neanderthal/modern human 'acculturation' in western Europe. 
Current Anthropology (in press) 

Mook,W.G., 1986. Business meeting. Radiocarbon 28: 799. 
Mook, W.G. & Streurman, H.J., 1983. Physical and chemical as

pects of radiocarbon dating. PACT Publications 8: 31-55. 
Mook, W.G. & Waterbolk, H.T., 1985. Handbook for Archaeolo

gists, no. 3, Radiocarbon Dating. European Science Foundation, 
Strasbourg: 1-65. 

Mook, W.G. & Van der Plicht, J., 1999. Reporting 14C activities and 
concentrations. Radiocarbon 41: 227-239. 

Prescott, J.R. & Smith, M.A., 1993. Comparison of thermolumi-
nescence and 14C dates as an indicator of cosmic ray intensity 
variations. Conference papers of the 23rd International Cosmic 
Ray Conference, Calgary: 838-841. 

Raisbeck, G.M., Yiou, F., Fruneau, M., Loiseaux, J.M., Lieuvin, 
M., Ravel, J.C. & Lorius, C , 1987. Cosmogenic 10Be concentra
tions in Antarctic ice during the past 30,000 years. Nature 292: 
825-826. 

Readhead, M.L., 1988. Thermoluminescence dating study of 
quartz in aeolian sediments from Southeastern Australia. Qua
ternary Science Reviews 7: 257-264. 

Richter, D., Waiblinger, J., Rink, W.J. & Wagner, G.A., 2000. Ther
moluminescence electron spin resonance and 14C-dating of the 
Late Middle and Early Upper Palaeolithic site of Geissenkloster-
le Cave in Southern Germany. Journal of Archaeological Science 
27:71-89. 

Roberts, R.G., Jones, R. & Smith, M.A., 1990. Thermolumines
cence dating of a 50,000 year old human occupation site in 
northern Australia. Nature 345: 153-156. 

Schramm, A., Stein, M. & Goldstein, S.L., 2000. Calibration of the 
14C timescale to >40 ka by 234U-230Th dating of Lake Lisan (last 
Glacial Dead Sea). Earth and Planetary Science Letters 175: 27-
40. 

Sikes, E.L., Samson, C.R., Guilderson,T.P. & Howard,W.R., 2000. 
Old radiocarbon ages in the southwest Pacific Ocean during the 
last glacial period and deglaciation. Nature 405: 555-559. 

Southon, J., Hughen, K., Herring, C , Lehman, S. & Overpeck, J., 
2000. A detailed 14C calibration for the Bolling-Allerod-Younger 
Dryas. Abstract, 17th International Radiocarbon Conference, Is
rael, June 2000. 

Stuiver, M., 1965. Carbon-14 content of 18th- and 19th-century 
wood: variations correlated with sunspot activity. Science 149: 
533-535. 

Stuiver, M., 1970. Long term 14C variations. In: Olsson, I.U. (ed.), 
Radiocarbon variations and absolute chronology. Proceedings of 
the 12Ih Nobel Symposium, Uppsala University: 197-213. 

Stuiver, M., Kromer, B., Becker, B. & Ferguson, C.W., 1986. Ra
diocarbon age calibration back to 13,300 years BP and the 14C 
age matching of the German Oak and US Bristlecone Pine 
chronologies. Radiocarbon 28: 969-979. 

Stuiver, M. & Kra, R.S. (eds.), 1986. Calibration issue. Radiocar
bon 28: 805-1030. 

Stuiver, M., Long, A. & Kra, R.S. (eds.), 1993. Calibration issue. 
Radiocarbon 35:1-244. 

Stuiver, M. & Van der Plicht, J., (eds.) 1998. INTCAL98, Calibra
tion Issue. Radiocarbon 40: 1041-1164. 

Stuiver, M. & Reimer, P., 1993. Extended 14C database and revised 
Calib 3.0 14C age calibration program. Radiocarbon 35: 215-
230. 

Stuiver, M., Reimer, P.J., Bard, E., Beck, J.W., Burr, G.S., Hughen, 
K.A., Kromer, B., McCormac, G., Van der Plicht, J. & Spurk, 
M., 1998. INTCAL98 Radiocarbon Age Calibration, 24,000-0 
cal BP. Radiocarbon 40: 1041-1084. 

Suess, H.E., 1978. La Jolla measurements of Radiocarbon in tree-
ring dated wood. Radiocarbon 20: 1-18. 

Tauber, H., 1970. The Scandinavian varve chronology and C14 
dating. In: Olsson, I.U. (ed.), Radiocarbon variations and ab
solute chronology. Proceedings of the 12' Symposium, Uppsala 
University: 173-196. 

Van der Plicht, J., 1993. The Groningen radiocarbon calibration 
program. Radiocarbon 35: 231-237. 

Van der Plicht, J., 1999. Radiocarbon calibration for the 
Middle/Upper Palaeolithic: a comment. Antiquity 73: 119-123. 

Van der Plicht, J., (ed.), 2000. The 2000 Radiocarbon Varve/com-
parison issue. Radiocarbon 42: 313-322. 

Voelker, A.H.L., Grootes, P.M., Nadeau, M.J. & Sarnthein, M., 
2000. 14C levels in the Iceland Sea from 25-53 ka and their link 
to the Earth's magnetic field intensity. Radiocarbon 42: 437-452. 

Vogel, J.C. & Kronfeld, J., 1997. Calibration of Radiocarbon dates 
for the Late Pleistocene using U/Th dates on stalagmites. Radio
carbon 39: 27-32. 

Wagner, G., Beer, J., Laj, C , Kissel, C , Masarik, J., Muscheler, R. 
& Synal, H.A., 2000. Chlorine-36 evidence for the Mono Lake 

94 Netherlands Journal of Geosciences / Geologie en Mijnbouw 81(1) 2002 

https://doi.org/10.1017/S001677460002059X Published online by Cambridge University Press

https://doi.org/10.1017/S001677460002059X


event in the Summit GRIP ice core. Earth and Planetary Science 
Letters 181: 1-6. 

Wohlfarth, B., 1996. The chronology of the Last Termination: a re
view of high-resolution terrestrial stratigraphies. Quaternary Sci
ence Reviews 15: 267-284. 

Yiou, F., Raisbeck, G.M., Baumgartner, S., Beer, J., Hammer, C , 
Johnsen, S., Jouzel, J., Kubik, P., Lestringuez, J., Stievenard, M., 
Suter, M. &Yiou, P., 1997. Beryllium 10 in the Greenland Ice 
Core Project ice core at Summit, Greenland. Journal of Geo
physical Research 102(C12): 26783-26794. 

Yokoyama,Y., Esat,T.M., Lambeck, K. & Fifield, L.K., 2000. Last 
Ice Age millennial scale climate changes recorded in Huon 
Peninsula Corals. Radiocarbon 42: 383-401. 

Zbinden, H., Andree, M., Oeschger, H., Ammann, B., Lotter, A., 
Bonani, G. & Wolfli, W., 1989. Atmospheric radiocarbon at the 
end of the Last Glacial: an estimate based on AMS Radiocarbon 
dates on terrestrial macrofossils from lake sediments. Radiocar
bon 31: 795-804. 

Zhu, R., Pan,Y & Liu, Q., 1999. Geomagnetic excursions recorded 
in Chinese loess in the last 70,000 years. Geophysical Research 
Letters 26: 505-508. 

Note added in proof 

In this paper, the calibration of the 14C timescale for 
the complete dating range of ca. 50,000 years is dis
cussed. Reference is made to a new dataset based on 
speleothems from the Bahamas, which was presented 
at the 17th International Radiocarbon Conference in 
Jerusalem (Beck et al., 2000). These data have now 
been published (Beck et al., 2001). 

This means there are at present two independent 
high resolution records containing information for 
calibrating the glacial part of the 14C timescale: the 
varved sediment from Japan (Kitagawa and Van der 
Plicht, 1998; 2000) and the Bahamian speleothem 
(Beck et al., 2001). A few additional words are need
ed for further clarification. The assumptions and pit
falls for 'calibration' are discussed above and can be 
summarized as follows. For the varved sediment, the 
weakness is the possibility of miscounting varves or a 
hiatus in the sediment; the strength is that the 14C da
ta are terrestrial. For the speleothem, the weakness is 
that also here there can be a hiatus (or periods of not 
constant growth) and possible errors in measuring 
the U-isotopes; in addition, the 14C data are not ter
restrial. 

Since both records are not consistent with each 
other there is a problem with calibration of the 14C 
timescale. Both records show excursions (increased 
14C levels) with profound consequences for the 14C 
calibration curve; however, the excursions are ob
served at different times and have very different am
plitudes. Calibration curves based on both these 
records therefore differ many millennia. This observa
tion is in itself a contradictio in terminis: calibration 
should in principle be based on truly absolute dates, 

so that calibration curves can not be different. For 
this reason, the term 'comparison curve' has been in
troduced (Van der Plicht, 2000). 

Bard (2001), in an accompanying commentary to 
the recent speleothem publication, seems to favor the 
new speleothem data above the varve record. This is 
mainly based on his 2 datapoints (at ca. 30 and 40 ka 
calBP) obtained for corals dated by both 14C and 
U/Th (these 2 datapoints are plotted in fig. 2). These 
2 datapoints are clearly closer to the speleothem data 
than to the varve data. 

But, in an additional comment on the speleothem 
record, Richards and Beck (2001) state that their pro
visional data should not be used as a calibration tool. 
They follow here also the term 'comparison curve', 
and even now show a plot where the calendar axis is 
not given in 'calendar age' (calBP) as was done in 
Beck et al. (2001); they use now '230Th age' instead. 

Conclusion 

For times ca. 30-50,000 years ago, large excursions in 
cosmogenic isotope concentrations are observed in a 
variety of records - 10Be and 36C1 in icecores, 10Be in 
marine sediments, and 14C in both the varved sedi
ment from Japan and the speleothem from the Ba
hamas. The excursions are observed at different times 
and have very different amplitudes. 

For 14C calibration beyond 25,000 years ago, we 
should describe the status as 'work in progress'. Inde
pendent confirmation of one or the other dataset is 
needed. 

The true nature of the dramatic excursions in the 
speleothem, as large as 'glacial nuclear bombs' needs 
to be explored. Thus, calibrating e.g. archaeological 
samples and making conclusions on Neandertal 
problems, Palaeolithic cave paintings, etc. is still pre
mature. Nevertheless, the data from both the Japan
ese varves and the Bahamian speleothem constitute 
beautiful records, promising themes for exciting re
search in the time to come; and - last but not least -
they illustrate the power of Accelerator Mass Spec
trometry (AMS) for 14C dating. 

Definitions 

Perhaps superfluous but for clarity reasons we give 
the following 'dictionary' definitions: 
calibrate - to fix, check or correct the graduations of a 
measuring instrument. 
compare - to examine, in order to observe or discover 
similarities or differences. 
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