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RADIOCARBON CALIBRATION BEYOND THE DENDROCHRONOLOGY RANGE

Mordechai Stein1 • Steven L Goldstein2 • Alexandra Schramm3

ABSTRACT. The radiocarbon timescale has been calibrated by dendrochronology back to 11.8 ka cal BP, and extended to
14.8 ka cal BP using laminated marine sediments from the Cariaco Basin. Extension to nearly 23.5 ka cal BP is based on com-
parison between 14C and U-Th ages of corals. Recently, attempts to further extend the calibration curve to >40 kyr are based
on laminated sediments from Lake Suigetsu, Japan, foraminifera in North Atlantic sediments, South African cave deposits,
tufa from Spain, and stalagmites from the Bahamas. Here we compare these records with a new comparison curve obtained
by 234U-230Th ages of aragonite deposited at Lake Lisan (the last Glacial Dead Sea). This comparison reveals broad agreement
for the time interval of 20–32 ka cal BP, but the data diverge over other intervals. All records agree that ∆14C values range
between ~250–450‰ at 20–32 ka cal BP. For ages >32 ka cal BP, the Lake Suigetsu data indicate low ∆14C values of less than
200‰ and small shifts. The other records broadly agree that ∆14C values range between ~250 and 600‰ at 32–39 ka cal BP.
At ~42 ka cal BP, the North Atlantic calibration shows low ∆14C values, while the corals, Lisan aragonites, and the Spanish
tufa indicate a large deviations of 700–900‰. This age is slightly younger than recent estimates of the timing of the Laschamp
Geomagnetic Event, and are consistent with increased 14C production during this event.

INTRODUCTION

Radiocarbon is the most important chronometer used for the late Pleistocene and Holocene, with
applications to a range of disciplines including earth sciences, archaeology, and anthropology. How-
ever, ages in 14C years are not equal to calendar years because the 14C activity in the atmosphere has
varied with time, and great efforts are underway to generate a calibration to calendar ages (Stuiver
and van der Plicht 1998, and references therein). A precise calibration of the 14C time scale has been
established based on dendrochronology to 11.8 ka cal BP (Becker and Kromer 1991; Björck et al.
1996; Kromer and Spurk 1998). The calibration has been extended to 14.5 ka cal BP by counting of
laminated marine sediments (Hughen et al. 1998), and by U-series dating of corals (Bard et al. 1998;
Burr et al. 1998). 

Beyond 14.5 ka cal BP, calibration can be extended semi-continuously to 23.5 ka cal BP by U-series
dating of corals (Stuiver and van der Plicht 1998). Bard et al. (1990, 1998) showed that 14C ages are
~3 ka younger than calendar ages at ~23.5 ka cal BP. Over the time interval of 24–60 ka cal BP,
which includes most of the last Glacial period, there have been major changes in the Earth’s climate,
and secular variations and short-term excursions in the Earth’s magnetic field intensity, all of which
can affect the atmospheric 14C activity (cf. Mazaud et al. 1991; Tric et al. 1992; Edwards et al. 1993
Laj et al. 1996). Bard et al. (1990, 1998) report two additional coral calibration points, at ~30 and
~41 ka cal BP. At these times the age differences are even higher, with 14C ages younger than calen-
dar ages, and age differences are ~3–4 and ~4–6 ka, respectively. 

Some recent studies have tried to fill the gaps. Kitagawa and van der Plicht (1998a, 1998b) report a
14C age calibration to 45 ka cal BP based on laminated sediments from Lake Suigetsu, Japan. Voelker
et al. (1998) report a calibration to 53 ka cal BP using a chronology based on cross-calibration of
planktonic foraminiferal stable isotope ratios in North Atlantic cores with the Greenland GISP2 ice
core record. Vogel and Kronfeld (1997) report some U-Th ages obtained by α-counting of South
African stalagmites. Richards et al. (1999) compared 14C with 234U-230Th and 235U-231Pa ages mea-
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sured by thermal ionization mass spectrometry (TIMS) on stalagmites from the Bahamas. Bischoff et
al. (1994) reported a calibration point at ~40 ka cal BP from U-Th dating by TIMS of a tufa in Spain. 

Construction of a precise calendar age calibration becomes more difficult with increasing age. Prob-
lems include higher absolute errors on determinations of the calendar ages with increasing age, and
the large influence of small amounts of sample contamination with fossil or recent carbon on the 14C
ages. For example, the possibility of unrecognized gaps or other complications in varve counting
(Kitagawa and van der Plicht 1998b), or ambiguities in stable isotope cross-correlations between
core records (Guyodo and Valet 1996), make dating by a method using radioactive decay desirable.
On the other hand, open system behavior, uncertainty of corrections for initial 230Th in samples, can
affect the accuracy of the 234U-230Th radioactive time clock. Ultimately, comparisons of different
records and methods are necessary for a credible calibration from 23.5 ka cal BP to the analytical lim-
its of 14C determinations. 

Recently, we used a calendar chronology based on 234U-230Th dating by TIMS of aragonitic sedi-
ments deposited from Lake Lisan, the last glacial precursor of the Dead Sea, to extend the 14C time
scale calibration to >40 kyr (Schramm et al. 2000). In this paper we summarize the results of the
Lisan study and compare the Lisan calibration curve to the other schemes described in the literature.

METHODS

U-Series Dating by Mass Spectrometry

U-series dating by mass spectrometry has become an important means to obtain precise ages of late
Quaternary corals (cf. Edwards et al. 1987; Stein et al. 1993), continental sediments such as vein cal-
cite (Winograd et al. 1992), and cave deposits (Kaufman et al. 1998). Obtaining precise U-series
ages on continental carbonate sediments has been problematic, because they typically contain sig-
nificant amounts of non-authogenic U and Th, which must be considered in age evaluations (Bis-
choff and Fitzpatrick 1991; Kaufman 1993; Ku and Liang 1984; Luo and Ku 1991). This situation
contrasts with corals, for example, which typically have negligible amounts of initial Th, and thus
ages are determined simply by assuming that all the 230Th in a sample is derived from the 238U and
234U (cf. Edwards et al. 1987; Chen et al. 1991; Stein et al. 1993).

There were major efforts made during the late 1980s, through drilling of coral reefs, to obtain sam-
ples that cover the time interval beyond the dendrochronology range. These include off-shore drill-
ing at Barbados (Fairbanks 1989), and on-shore drilling in the Huon Peninsula, Papua New Guinea
(Chappell and Polack 1990). Bard and colleagues dated the Barbados cores by 14C and the TIMS U-
series method, extending the calibration curve back to ~22 ka (Bard et al 1990). Their results were
later augmented by samples from Tahiti, and Mururoa (Bard et al. 1998). The Huon core was used
for 14C/U-series age comparison in a continuous interval between 11,000 and 7000 yr (Edwards et
al. 1993). This core yielded similar results to the Barbados record, except for the interval of the
Younger Dryas Event. The Huon core indicates an abrupt offset between the 14C and U-series ages
during the later part and after the Younger Dryas Event, suggesting a large drop in the atmospheric
14C/12C. The integrity of the measured ages for corals is evaluated on the basis of the initial 238U/
238U activity, which should be the same as seawater (1.144 ± 0.007; Chen et al. 1986). The major
unknown in using corals for 14C calibration is changes in the marine carbon reservoir. The present
day correction is ~400 yr, and this figure is assumed for fossil corals as well (Bard et al. 1990, 1998;
Edwards et al. 1993; Hughen et al. 1998).
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RESULTS

234U-230Th and 14C ages of Lisan Sediments

Laminated lake sediments are another candidate for calibrating the 14C timescale by 234U-230Th dat-
ing. Schramm et al. (2000a, 2000b) reported TIMS 234U-230Th and 14C ages within a 40-m-thick mea-
sured and described section of the Lisan Formation. The ages range from ~70–17 ka, thus spanning
a large portion of the last Glacial period. The U-series analyses were made on aragonite from lami-
nated sediments, which can be dated both by U-series and 14C techniques. The Lisan Formation is
exposed along the Jordan–Dead Sea Valley. The aragonites precipitated from the surface water and
are preserved in their primary state. They have high U concentrations (≈3 ppm) and are often free of
detritus (based on XRD and chemical analyses) and thus appear to be excellent candidates for 234U-
230Th dating. The 234U-230Th ages that were obtained for the Lisan aragonite are based on analysis of
two or more samples taken from individual laminae within a few centimeters of each other. The 234U-
230Th ages were determined for groups of samples from the same stratigraphic level by isochrons,
and were also calculated for each individual sample. The “single sample” ages are based on correc-
tions for small detrital contributions of the U and Th and for initial aqueous 230Th. The presence of an
aqueous Th component was deduced from covariations of Th concentrations with Nb, Zr, and Fe
(that is, insoluble trace elements indicating detritus in the samples). These covariations indicated that
when the “detrital” element concentrations equaled zero, indicating pure aragonite, there was a resid-
ual Th concentration of 0.07–0.1 ppm. The correction used for initial Th is based on a modern arago-
nite collected from the Dead Sea containing negligible detritus but with 0.06 ppm Th and an apparent
234U-230Th age of ~2500 yr. Both the isochron and the single sample ages show excellent internal
consistency and agreement with the stratigraphic order of the section. The aragonite ages range from
67 ka cal BP at 2 m above the base of the section, to ~19 ka cal BP at ~2 m beneath the top of the mea-
sured and described section at Perazim Valley near the southeastern end of the Dead Sea. Detailed
discussion of the geochronological methods are given elsewhere (Schramm et al. 2000a, 2000b).

The validity of 14C ages of aragonites depends on the correct assessment of the degree of equilib-
rium between the precipitating CaCO3 and atmospheric CO2. Waters flowing over carbonate terrains
like the Judean Mountains west of the Jordan-Arava Valley, or percolating through carbonate aqui-
fers, may contain substantial amounts of fossil carbon. If this carbon becomes incorporated into the
aragonite, the 14C ages will be too old. Lake Lisan had a density-layered structure, which was stabi-
lized by freshwater addition to the lake. Stein et al. (1997) showed that the aragonite precipitated
from the upper fresh water-rich layer, which was in contact with the atmosphere. They interpreted
thick sequences of laminated aragonite and detritus throughout the section as signifying significant
intervals with a stable stratification. For a first order approximation of the 14C composition of Lake
Lisan surface layer, Schramm et al. (2000) used the Dead Sea and incoming freshwater as an analog. 

A surface sample taken in December 1977 had a 14C activity of 108%, slightly lower than the atmo-
spheric value of 122 ± 2% measured above Rehovot (Carmi et al. 1985), and implying a reservoir
age of about 1000 yr. Reported “ages” of runoff water from the Judean Hills, draining mainly Meso-
zoic carbonate terrain west of the Dead Sea, and normalized to the atmospheric value of 122 ± 2%
measured above Rehovot, range as high as 2900 BP, but are more generally between 600–1800 BP
(Talma et al. 1997). A Dead Sea sample was taken in December 1977 when the lake had a stratified
configuration, as well as water entering the Jordan River from Lake Kinneret (the Sea of Galilee).
Both show elevated 14C levels of about 107%, corresponding to 14C ages of 1000 yr. 

Based on these data, Schramm et al. (2000a) used a reservoir correction of 1000 yr for the aragonite
14C. The validity of this correction is supported by the agreement between the Lisan aragonite 14C-
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calendar age calibration with the coral calibration (Bard et al. 1998) back to 23.5 ka cal BP (Figure
1). Data on organic remains over the range of 34–38 ka cal BP are consistent with this correction,
although these samples have larger errors. 

DISCUSSION

Comparisons with Other Data Sets

Two recent efforts to calibrate 14C ages at high resolution have been published by Kitagawa and van
der Plicht (1998) and Voelker et al. (1998). Both use non-radiometric methods to generate a chro-
nology.

Kitagawa and van der Plicht (1998) obtained a high-resolution 14C age record of macrofossils
(leaves, twigs, and insect wings) from Lake Suigetsu, Japan, using laminated sediments from a 75-m
continuous core. The laminae reflect deposition of dark clay and seasonal diatom blooms. The calen-
dar timescale is based on laminae counting. Until 11.8 ka cal BP they use a floating chronology
matched to the dendrochronology curve, and until ~38 ka calendar ages are determined through varve
counting. For older ages, where the laminations are unclear, they assume a constant sedimentation
rate. They must assume no hiatus occurs within the sedimentary sequence. Under these conditions,
they estimate an accumulated error of ~2000 years at 40 ka cal BP. 

Voelker et al. (1998) generated a high-resolution set of 14C ages on planktonic foraminifera in two
North Atlantic cores. The determination of the calendar ages is not based on direct age determina-
tions of the cores, but is based on the assumption that down core planktonic foraminiferal stable iso-
tope variations can be matched to the δ18O temperature record of the GISP2 ice core in Greenland,
and that changes occurred simultaneously. The 14C ages of the various correlated climatic events
were subsequently linked to the GISP 2 chronology, which is based on ice layer counting. 

For all these records with ages older than Holocene, where 14C ages can no longer be calibrated with
absolute dating by dendrochronology, errors in the calibrated time scale become more significant
and larger calendar age uncertainties have to be tolerated. We compared the Lake Lisan data with the
other datasets by plotting the ∆14C values of the dated samples against their “calendar age”
(Figure 1). A higher ∆14C value means a higher atmospheric 14C/12C ratio. When evaluating differ-
ent records, it is important to consider 1) how the absolute values of the age offsets compare, and 2)
independent of the absolute values, how well the patterns match to each other. If the 14C reservoir
correction of a data set is incorrect, but the calendar age is correct, its pattern should be parallel to
the others, offset to different ∆14C values. If the calendar age is systematically incorrect, but the 14C
age is either correct or systematically incorrect, the pattern will remain parallel but both calendar
ages and the ∆14C values will show an offset. 

The Lake Lisan and the coral data show remarkable consistency over the interval that overlaps with
the nearly continuous coral record to 23.5 ka cal BP. During this interval, the ∆14C value is ~400‰.
The coral data indicate that ∆14C value increases to ~600‰ by ~30 ka cal BP, and to ~750‰ at 41
ka cal BP. Near these “checkpoints” the Lisan data are within 2σ error of the coral data. The ∆14C
value of ~900‰ at ~42 ka cal BP is further supported by 234U-230Th ages of tufa sandwiching
organic material in rock shelters at Catalunya, Spain (Bischoff et al. 1994), and speleothems from
South Africa (Vogel and Kronfeld 1997), despite the higher errors in the calendar ages since the U-
Th ages are determined by α-counting. All these studies indicate high ∆14C values of 700–900‰ at
~41–43 ka cal BP compared with data at ~38 ka cal BP. These high values are observed to occur
directly after the Laschamp geomagnetic anomaly, based on recent determinations of its age. This
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Figure 1 (a) Calendar age (ka cal BP) versus ∆14C values in corals (Bard et al. 1998) and Lisan aragonite
(this study); (b) Calendar age (ka cal BP) versus ∆14C values for all presently available data. Data include
the Lisan Formation (this study), corals (Bard et al. 1998), laminated sediments from Lake Suigetsu, Japan
(Kitagawa and van der Plicht 1998a, 1998b), North Atlantic planktonic foraminifera (Voelker et al. 1998),
cave deposits from South Africa (Vogel and Kronfeld 1997) and tufa from Spain (Bischoff et al. 1994).
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geomagnetic excursion has been recently found within the Lisan section at stratigraphic levels cor-
responding to 41 ka cal BP (Marco et al. 1998; Ron et al. 2000). The Laschamp Event is associated
with a geomagnetic intensity minimum, causing a higher production of cosmogenic nuclides such
14C. Therefore, the paleomagnetic data and the high ∆14C observed at this age are consistent with
each other.

The Lisan data indicate a sharp decrease in the ∆14C value between 41 and 38 ka cal BP to ~450‰,
consistent with a decrease in 14C production following the geomagnetic excursion. During the inter-
val 38–32 ka cal BP the Lisan ∆14C values show a small decrease to ~350‰. There are indications
for structure in the 14C-calendar age variations. An apparent excursion to high ∆14C values of
>600‰ between 28 and 29 ka cal BP is found in two samples from widely separated locations: the
measured and described section in Perazim Valley in the south and Menahemya near Lake Kinneret
(Schramm et al. 2000a). This might be related to the Mono Lake geomagnetic excursion, dated at 28
14C ka BP (Liddicoat 1992). However, this excursion has not been found globally. We are currently
investigating whether the Mono Lake Event is reflected also in the Lisan sediments. Although the
Lisan record effectively maps out the large-scale features of 14C age changes throughout the interval
23.5–42 ka cal BP, the resolution of Lisan 14C dates is still too low to make firm conclusions about
short-term fluctuations in the atmospheric 14C/12C ratio.

Comparison of the different data sets yields the following relations (Figure 1):

1. Between 30 and 20 ka cal BP they generally show good agreement. An exception is at 27–28
ka cal BP. The high ∆14C values of the Lisan aragonite at this age agrees with a South African
cave date. However, they are not observed in the Lake Suigetsu record, which shows an appar-
ent short-term ∆14C decrease. There are few North Atlantic foraminifera data within this age
interval. 

2. Between 38 and 33 ka cal BP, the North Atlantic foraminifera and Lake Lisan aragonites show
high ∆14C values of 300–700‰. The few South African speleothem data generally agree. How-
ever, the high resolution Lake Suigetsu data are much lower, remaining within 100–200‰ from
the equiline from the end of the record at ~45 ka cal BP through this age interval. The low ∆14C
values suggest that the Lake Suigetsu calendar ages throughout this interval are underesti-
mated. Indeed, Kitagawa and van der Plicht (1998a) note that the Lake Suigetsu data beyond
31 ka cal BP are inconsistent with other calibrations, and that the ages above 20 ka cal BP
should be considered as minimum ages due to the possibility of missing varves. The assumption
of a constant sedimentation rate for ages older than 38 ka cal BP is likely to introduce additional
uncertainties.

3. From 43 to 53 ka cal BP, the North Atlantic ∆14C values are low, generally close to the equiline.
Two Lisan aragonites show an consistent age offsets of >2000‰ at ~51–52 ka cal BP. Compa-
rable calendar/14C age differences have been found in Labrador Sea cores, but have been attrib-
uted to 14C contamination (Guyodo and Valet 1996; Stoner et al. 1995). A 14C age of 50 ka cal
BP corresponds to more than 9 half-lives, and we consider the data on >43 ka cal BP samples
as yet unconfirmed. Nevertheless, it is intriguing that an anomaly in the paleomagnetic direc-
tion was identified in the Lisan sediments at 51–52 ka (termed by Marco et al. 1998 as the Lisan
geomagnetic event). The only other report of an excursion at this time is from a study in the
Gulf of California (Levi and Karlin 1989), which attributed it to the Laschamp Event. The pos-
sibility that an increase in 14C production occurred at this time will require further confirmation.
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CONCLUSION

In view of the central role of 14C ages for a late Pleistocene geochronology, more studies are neces-
sary to establish the changing patterns in atmospheric 14C/12C ratios, and their relationship to cli-
mate, ocean circulation, magnetic field intensity, and solar flux changes. Comparison of the avail-
able data calibrating 14C ages beyond ~20 ka cal BP shows a broad agreement between records to
~31 ka cal BP and disagreements between the available records from 30 to 50 ka cal BP. A recent
paleomagnetic study of the Lisan Formation suggests that a high 14C activity at ~41 ka cal BP is the
result of increased production associated with the Laschamp paleomagnetic excursion event at 43–
40 ka (Marco et al. 1998). 

Despite the significant progress in the documentation of variations in the atmospheric 14C activity,
many open questions remain and call for further detailed study. Will the high age offset at ~50 ka cal
BP, as observed in two Lisan samples, be confirmed by additional data? Is there any relationship to
the geomagnetic excursion observed in Lisan Formation at ~51 ka cal BP Marco et al. (1998), at
present only observed in Lake Lisan and possibly the Gulf of California records? What is the high-
resolution structure of the changes in atmospheric 14C activity earlier than 24 ka cal BP? Do the high
∆14C values seen in two Lake Lisan aragonites at ~27 ka cal BP indicate a short-term increase in
atmospheric 14C/12C ratios, and might it be associated with the Mono Lake geomagnetic event? Lake
Lisan sediments, for which radiometric ages, paleomagnetic and paleoclimatic data can be com-
bined, are excellent candidates to address these questions, and have great potential for further estab-
lishing a high resolution history of 14C/12C variations beyond 20 ka cal BP. Comparisons between this
record and other excellent records will be needed in the coming few years to resolve the open issues.
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