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Abstract
The 14C dating method is the cornerstone for inferring age estimates for natural archives covering
the last 50000 years. However, 14C age calibration for the last ice age relies mostly on records that
only indirectly reflect the atmospheric 14C concentrations. In consequence, calendar age estimates
are significantly more uncertain for the period of the last ice age compared to the past 14000
years where tree-ring based calibration records exist. Here we connect a 14C tree-ring chronology
from Kauri trees in New Zealand to ice core 10Be records via the common signal in the galactic
cosmic ray flux around the period of the Laschamp geomagnetic field minimum (ca. 41000 yrs
BP). Synchronous changes of modelled 14C and 14C inferred from U/Th-dated speleothems
support the ice core chronology independently and suggest that the published ice core time scale
errors are rather conservative for this period. Our analysis puts 14C age determinations directly
into the context of ice core climate records and it shows that the 14C records underlying the 14C
calibration curve overestimate the atmospheric 14C concentration by more than 200‰.
Consequently, 14C age calibration presently yields too old calendar age estimates by about 1200
years for this period.
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1. Introduction
14

C dating close to the age limits of the method
(about 50000 years before present) is challenging but
also very important in the context of, for example,
understanding the variable climate during the last ice
age, the spread of the modern humans and the
possible
connections.
However,
besides
contamination issues also uncertainties in the 14C age
calibration have affected the interpretation of human
evolution in the past (Mellars, 2006). Calibration
uncertainties can be circumvented by directly
comparing 14C ages linked to climate records and
14
C-dated strata connected to human remains
(Tzedakis et al., 2007). This requires that 14C results
from the different archives and samples can be
compared directly, which poses strong demands on
the measurement routines when approaching the
limits of the 14C method (Hogg et al., 2006).
Connecting absolute ages to past atmospheric 14C

	
  

levels (i.e. having a reliable calibration record) is
required when comparing 14C-dated records to
independently dated climate records derived from
e.g. speleothems or ice cores. Furthermore, reliable
atmospheric 14C reconstructions are essential for
understanding past carbon cycle changes and their
influence on the atmospheric 14C concentration.
The 14C calibration curve IntCal13 (Reimer et al.,
2013) connects 14C ages to absolute calendar ages.
Presently, the most accurate calibration data comes
from tree ring measurements since they directly
reflect the atmospheric 14C levels at the time of their
growth. Together with independent dendrochronological dating, tree-ring 14C measurements are
the basis of a robust 14C calibration record for the last
about 14000 years (Hua et al., 2009; Reimer et al.,
2013). Preceding this period the 14C calibration data
is based on more indirect 14C records from
speleothems, corals and foraminifera which include
intrinsic uncertainties for estimating atmospheric 14C
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levels (Hoffmann et al., 2010; Reimer et al., 2013
Southon et al., 2012). Recently a new and updated
14
C record became available from Lake Suigetsu
(Bronk Ramsey et al., 2012). The 14C content of the
analysed macrofossils is assumed to reflect the
atmospheric 14C levels during the time of the
deposition. However, accurate 14C determinations on
small macrofossils can be challenging in particular
when approaching the limits of the 14C method.
Turney et al. (2010) measured 14C in three tree ring
chronologies from Kauri trees in New Zealand.
Among those is a more than 1300 year long sequence
covering the period around 42 kyr BP. These records
directly reflect the atmospheric 14C concentrations
during the last ice age with virtually perfect relative
dating due to dendrochronologic correlation between
different trees. In addition, the tree rings provided
enough material to measure 14C not only with the
nowadays mostly used accelerator mass spectrometry
(AMS) method but also via Liquid Scintillation
Counting (LSC) of 14C decays (Turney et al., 2010).
However, the absolute ages of these high-quality 14C
records are a priori unknown. Connecting the
available Kauri record to the calibration curve shows
overall good agreement but it also indicates that
some structure is missing in marine based 14C data
(Turney et al., 2010). Nonetheless, calibrating the
tree ring data to the available calibration data also
implies that potential biases, for example due to the
uncertain reservoir age estimates, are directly
transferred to the tree ring data. The scope of this
study is to connect the presently most reliable tree
ring 14C data to ice core time scales and to test the
quality of the presently available 14C calibration
record close to the limit of the 14C method.
2. Method
Cosmogenic radionuclide records share a globally
synchronous production signal caused by solar and
geomagnetic modulation of the galactic cosmic ray
(gcr) flux into the Earth’s atmosphere (Lal and
Peters, 1967). In consequence, the common
production signal can be used for synchronising
different natural archives such as 10Be ice core and
14
C tree ring records (Muscheler et al., 2008). This
approach has the advantage that it provides a
completely independent ice core time scale to the 14C
measurements in tree rings. In addition, it allows the
direct connection of atmospheric 14C reconstructions
(i.e. 14C ages) to the high-resolution climate record
from polar ice cores.
2.1 Modelling the atmospheric 14C concentration
For this analysis we concentrate on the period of the
Laschamp geomagnetic field minimum peaking at

	
  

around 41000 yrs BP (Singer et al., 2009) (where yrs
BP denotes “years before present” = years before
AD1950) which represents the largest known
production-induced 10Be increase over the period
suitable for 14C dating (Muscheler et al., 2004)
(figure 1). The geomagnetic field intensity was
reduced to about 10% of today’s value leading to
approximately a doubling in the globally averaged
10
Be and 14C production rates (Laj et al., 2000). The
corresponding increase in the 14C production rate and
the influence on the atmospheric 14C concentration
can be calculated using a carbon cycle model
(Oeschger et al., 1975) under the assumption that the
10
Be flux to Summit in Central Greenland (figure 1b)
is proportional to the globally averaged 10Be
production rate (Muscheler et al., 2004). For this
purpose the 10Be fluxes were transferred into a 14C
production rate using the results of Masarik & Beer
(1999). Later production rate calculations (Kovaltsov
et al., 2012; Masarik and Beer, 2009) imply
modifications to geomagnetic field sensitivity of the
10
Be production rate mainly. These results are not
conclusive (see Cauquoin et al. (2014) for a review),
however, which is one of the reasons why we allow
for a range of possible 10Be/14C relationships in our
subsequent analysis (see below). The carbon cycle
model parameters were not changed during the
course of the run and we used the published settings
for the pre-industrial carbon cycle (Oeschger et al.,
1975). The calculation of the ice core 10Be flux
involves application of an ice core accumulation
rate/time scale, but the resulting flux does not
significantly depend on the choice of accumulation
rate model as the more recent Greenland ice core
chronologies agree well within this period (Svensson
et al., 2008). Furthermore, application of 10Be data
from Antarctica (Raisbeck et al., 2007), 36Cl data
from the GRIP ice core (Wagner et al., 2000) and of
independent geomagnetic field reconstructions (Laj
et al., 2005) imply similar increases in production
rate and atmospheric 14C (figure 1c). Figure 1d
shows the reconstructed atmospheric 14C variations
(expressed as Δ14C) from the floating Kauri sequence
(Turney et al., 2010). The Δ14C levels depend on the
assigned ages i.e. an older placement of the floating
chronology implies higher Δ14C values and vice
versa (grey lines in figure 1d). Independent of the
absolute dating, the atmospheric 14C level is seen to
increase by 200 ‰ within less than 1000 years in the
younger part of the floating Kauri sequence. This is
exceptional if compared to the tree-ring 14C data
from the last 14000 years (Hua et al., 2009; Reimer
et al., 2013).
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Fig. 1. Climate change as expressed in δ18O from the GRIP ice core (Johnsen et al., 1997) (panel a), combined GRIP
and GISP2 10Be flux together with modelled and measured atmospheric 14C levels expressed as relative deviations from
the standard (Δ14C). Panel b shows the 10Be flux calculated with the ss09 accumulation rate (Johnsen et al., 1995)
(black) and the updated accumulation rate based on the GICC05 time scale (Svensson et al., 2008, Seierstad et al.,
forthcoming). The grey band in panel c shows the range of modelled Δ14C based on the uncertainty and differences
between the GRIP and GISP2 10Be measurements (Muscheler et al., 2004). It is composed of several different
calculations and indicates that the absolute Δ14C levels are uncertain, however, all of the individual curves agree
regarding the relative changes during the Laschamp event. The red curve in panel c shows the modelled Δ14C based on
the combined GISP2 and GRIP 10Be data with the updated GICC05 accumulation rate model. The blue line indicates
the results of the same calculation basing it on the 10Be record from the DomeC ice core (Raisbeck et al., 2007), the
dark green line shows the results from the GRIP 36Cl data (Wagner et al., 2000) and the light green line shows the result
based on the GLOPIS geomagnetic field record (Laj et al., 2005). All records are synchronised to the GICC05 time
scale. Panel d shows atmospheric Δ14C inferred from the Mangawhai Kauri chronology measured with AMS (red) and
LSC (blue) (Turney et al., 2010). The absolute Δ14C levels depend on the placement of the floating Kauri chronology
(indicated by the grey lines for the outermost samples) while the relative changes in Δ14C are hardly affected by the age
uncertainty.

2.2 Matching modelled and measured 14C records
Assuming that the modelled and the Kauri-based
Δ14C variations are both dominated by production
rate changes it is possible to match the Kauri record
to the 10Be data from the ice cores. The position of
the best fit of the relative variations between Kauri
Δ14C and 10Be-based 14C data was inferred from
identifying and matching the common relative

	
  

	
   changes in modelled and measured Δ14C. To derive

this we calculated the error-weighted average of the
Kauri 14C data obtained by the LSC and AMS
method (figure 2a). Since the Kauri 14C data
represent 100-yr averages we smoothed the modelled
14
C record with a 100-yr running average. To take
14
C uncertainties into account we applied 1000
Monte-Carlo simulations by varying the Kauri 14C
data within their errors. For each simulation we
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Fig. 2. Best placement of the Kauri-based Δ14C onto the ice core time scale. Panel a shows the modelled Δ14C
variations inferred from 10Be (100-yr running average) and the Kauri-based Δ14C. Stable values are visible before the
Δ14C increase due to the Laschamp event at about 42000 years BP. The modelled Δ14C can be shifted vertically
depending on the state of the carbon cycle and/or the 14C production rate history before the Laschamp event. The
modelled Δ14C increase depends to a certain extent on the state of the carbon cycle but the timing of the increase is
robust and largely independent of these uncertainties. Panel b shows the most likely possible placements of the Kauri
sequence (the age of the start of the sequence).

computed with linear regression the placement for
the best agreement with the variations in the 10Bebased 14C record. To avoid artificial placements we
required that the slope of the linear regression
between modelled and measured Δ14C was in
between 0.5 and 1.5. This allows the measured and
modelled Δ14C variations to be different within these
limits which could happen due to a potential polar
bias in the 10Be deposition (Mazaud et al., 1994),
unaccounted carbon cycle changes that could affect
the modelled Δ14C variations (e.g. Köhler et al.,
2006) and/or the uncertainties in the 10Be/14C
production rate calculations. However, it also
excludes placements with high correlation
coefficients between modelled and measured 14C
where the slope is very different i.e. where there is
little quantitative agreement between modelled and
measured Δ14C changes. This calculation does not
depend on the absolute Δ14C levels but only on the
relative variations of measured and modelled Δ14C

	
  

	
  

which is important since the absolute levels in the
modelled 10Be-based record can depend on the
carbon cycle configuration and the accuracy of the
14
C production rate history long before the Laschamp
event.
3. Results
Figure 2b shows the position of the best fit between
Kauri and modelled Δ14C variations. It agrees with
the observation that both the modelled and measured
Δ14C data share a common relatively stable Δ14C
level for the first 500 years of the Kauri record which
is followed by the sharp Δ14C increase connected to
the Laschamp event. As shown in figure 2 there is a
very high likelihood that the Kauri sequence covers
the Δ14C increase around 42000 yrs BP. Repeating
this calculation with the Antarctic DomeC 10Be
record, the GRIP 36Cl record and the geomagnetic
field record leads to similar conclusions (figure 3).
The ice core-Kauri match thus places the Kauri
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Fig. 3. Connecting the Kauri 14C data to the 10Be record from Antarctica (black lines, a), 36Cl data from the GRIP ice
core (green lines, b) and to the GLOPIS geomagnetic field record (Laj et al., 2005) on the GICC05 time scale
(Svensson et al., 2008) (red lines, c). Panel d shows the colour-coded distributions of the positions for the best
agreements between measured and modelled Δ14C for the different records. All modelled Δ14C records are smoothed
with a 100-yr running average to match the resolution of the Kauri 14C data. The results from the 10Be and 36Cl records
are very similar to the outcome from the same calculation using the GRIP 10Be data (see grey curves in the figure). The
Antarctic 10Be record shows an increase around 43000 yrs BP that corresponds to a Δ14C increase of about 50‰. Our
calculation does not indicate a possible placement of the Kauri sequence at this increase since the Kauri-based 14C
increase is about four times larger. Adjusting the carbon cycle to produce a significantly larger Δ14C increase in the
modelled data around 43000 yrs BP would also produce an unrealistic large Δ14C increase around the Laschamp event.
In addition, the GRIP 10Be and 36Cl data do not show a synchronous early Δ14C increase. Similarly, the geomagnetic
field reconstruction does not support such an early Δ14C increase. We, therefore, consider an older placement as very
unlikely. The geomagnetic field data suggests a slightly younger age of the Kauri sequence which might be explained
by the inherent smoothing in the geomagnetic field records and uncertainties in connecting marine records to the ice
core time scales.

record about 1200 years younger than suggested by
the IntCal13 calibration curve (Reimer et al., 2013).
4. Discussion
Figure 4 shows that the Kauri record on the GICC05
time scale differs significantly from most of the
presently available 14C data that also partly underlies

	
  

the present calibration curve (Reimer et al., 2013) in
this time interval. In the following we address
uncertainties and evaluate if those could question the
link as proposed above. Firstly, possible climate
influences on 10Be could produce artificial changes in
the modelled 14C record. However, the 10Be flux to
Central Greenland hardly shows any relationship to
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Fig. 4. Comparison of 14C records (Bard et al., 1998; Bard et al., 2004; Bronk Ramsey et al., 2012; Cutler et al., 2004;
Fairbanks et al., 2005; Hoffmann et al., 2010; Hughen et al., 2006; Reimer et al., 2013; Turney et al., 2010) to the Kauri
data (Turney et al., 2010) on the ice core time scale (panel b) and the climate variations as seen in δ18O from the GRIP
ice core (panel a) (Johnsen et al., 1997). The comparison suggests that the present 14C calibration record IntCal13
overestimates the calibrated 14C ages during this period. The time scales of the Cariaco and Iberian margin 14C data
were transferred to GICC05 time scale by assuming synchronous climate change during the Dansgaard/Oeschger
events and by using the time scale relationships as published in figure 4 in Svensson et al. (2008). The calendar age
error ranges for the Kauri tree ring data are based on the 1-σ uncertainties shown in figure 3d for the comparisons with
the 10Be and 36Cl data.

climate parameters (e.g. δ18O). Furthermore, the
GRIP 36Cl and the Antarctic 10Be data lead to the
same result. In addition, the 10Be flux shows good
agreement with the changes expected due to
geomagnetic field and solar activity variations
(Muscheler et al., 2005; Wagner et al., 2001).
Secondly, one could assert that the modelled Δ14C
variations based on 10Be do not include the effects of

	
  

a changing carbon cycle. However, such effects are
usually expected to be limited and much smaller than
the changes observed around 40000 years BP (e.g.
Köhler et al., 2006). Nevertheless, a generally lower
14
C uptake of the oceans during the last ice age could
influence the amplitude of the modelled Δ14C
variations. Therefore, we allowed for a range of
possible relationships between modelled and
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Fig 5. Comparison of reconstructed changes in atmospheric 14C concentration as expressed in Δ14C based on the high
resolution data from the Bahama speleothems (Hoffmann et al., 2010)(red) and the 10Be-based Δ14C record (black). As
indicated by the differences between the two y-axes there is an offset between the records. However, the agreement of
the relative changes suggests that the ice core time scale agrees very well with the independently U/Th dated
speleothem record. Correlation analysis to assess the timing of the 10Be-based and speleothem-based Δ14C increase
indicates time scale differences of less than 500 years. The offset between the records can be explained by carbon cycle
model uncertainties and uncertainties in the correction for dead carbon influences on the speleothem 14C data.

measured Δ14C (see section 2.2). Furthermore, as
evident from figure 1 there is no structure in the
10
Be-based 14C record that would agree with the
Kauri 14C other than the period around the Laschamp
event. Thirdly, accepting this relationship one might
argue that the ice core time scale contains
uncertainties of about ±750 (1σ) around 40000 yrs
BP (Svensson et al., 2008) and that adjustments to
the ice core time scale could explain the differences
seen in figure 4. However, the ice core time scale
agrees within about 500 years or less with several
independent time scales around Dansgaard/Oeschger
event 10 (which coincides with the Laschamp
minimum) inferred from the timing of the assumed
hemispherically synchronous warming at this event
(Fleitmann et al., 2009; Svensson et al., 2008).
Furthermore, figure 4 shows the foraminifera data
from the Cariaco basin (Hughen et al., 2006) and the
Iberian margin (Bard et al., 2004) synchronised to the
GICC05 ice core time scale implying that the
disagreement in the 14C data cannot be ascribed to
time scale differences alone. More importantly,

	
  

figure 5 shows that the timing of the major Δ14C
increase as seen in the U/Th dated Bahama
speleothem data (Hoffmann et al., 2010) agrees with
the modelled 10Be-based 14C increase starting at
around 42000 yr BP, i.e. supporting the ice core time
scale to within less than 500 years. This conclusion is
based on the assumption that the Δ14C increase in the
speleothem data is mainly caused by production rate
changes (Hoffmann et al., 2010; Muscheler et al.,
2004). Marine and speleothem records could be
biased by uncertainties in the marine reservoir age or
the dead carbon fraction correction. However, this
possibility is limited for the marine data since the
Kauri data indicates older 14C ages for fixed calendar
ages i.e. the “reservoir age” correction would have to
be negative and, therefore, it cannot explain the
observed differences. By contrast, the Bahama
speleothem data include a larger correction for the
dead carbon fraction and a slightly different
correction scheme could bring the ice core calibrated
Kauri record and the speleothem data in agreement.
For the Lake Suigetsu macrofossil data there is no
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possibility for such an offset. Possibly the relatively
large errors for the individual 14C measurements
provide the clue for an explanation. 14C dating
around 40000 yrs BP is challenging due to the low
14
C content that remains in the sample after having
gone through about 8 half-lifes of 14C decay.
Especially for small samples (as e.g. macrofossils)
uncertainties in the 14C measurement via e.g.
background correction can have a significant
influence on the result. Indeed, there are macrofossil
14
C measurements from Lake Suigetsu that agree
with the Kauri 14C data on the ice core time scale
(figure 4). It is important to note that the Kauri 14C
data represent very likely the best 14C data available
for this period. The trees contain enough material for
rigorous pre-treatment of the samples, and the results
from AMS and LSC agree very well. Furthermore,
the contributing laboratories applied highly
specialized methods and equipment for determining
14
C ages close to the limit of the method (Hogg et al.,
2006).
4. Conclusions
The results of this analysis indicate that the present
14
C calibration curve is leading to calibrated age
estimates older by more than 1000 years at around 41
ka as compared to the suggested placement of the
Kauri 14C data. This, for example, implies that
present efforts to relate the spread of modern humans
to ice-core derived climate records (e.g. Higham et
al., 2011) are offset correspondingly. We now have
the opportunity to compare 14C-dated records during
this period directly to the ice core climate records
from Greenland and Antarctica. Furthermore, the
agreement in the timing of the Δ14C increase in welldated speleothems and modelled Δ14C supports the
ice core time scale to within less than 500 years.
Consequently, the Kauri 14C sequence can be
connected to reliable calendar age estimates which,
in turn, leads to improved estimates of the
atmospheric 14C levels prior to the Laschamp event.
These are seen from figure 2 to be close to
preindustrial 14C levels and thus lower than estimated
previously.
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