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Abstract

The variations in atmospheric radiocarbon ('*C) concentration during the last 50000 years can be attributed to
changes in the '*C production rate (due to changes in solar activity, the geomagnetic field and/or interstellar galactic
cosmic ray flux) and to changes in the global carbon cycle. The relative contributions of these processes is the subject
of current debate. Although the discrepancies between the various reconstructions of the past atmospheric
radiocarbon concentration increase with age, the relatively good agreement over the last 25000 years allows a
quantitative discussion of the causes of the observed '“C variations for this period. Using '°Be measurements from
Greenland Summit ice cores, we show that, in addition to solar and geomagnetically induced production rate changes,
significant changes in the carbon cycle have to be considered to explain the measured '*C concentrations. There is
evidence that these changes are connected to: (1) global deglaciation and (2) climate changes in the North Atlantic
region on centennial to millennial time scales related to changes in the ocean circulation. Differences between °Be and
geomagnetic field records, however, suggest that uncertainties of about 20% still exist in determinations of past
changes in the '*C production rate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The cosmogenic radionuclide '*C is produced
in the Earth’s atmosphere mainly by the interac-
‘ tion of cosmic rays with nitrogen [l]. Since the
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formation on variations in the solar activity and
the geomagnetic field intensity in the past. After
oxidation to #CO,, radiocarbon becomes a con-
stituent of the global carbon cycle and exchanges
between atmosphere, biosphere and the ocean.
The ocean, as the largest reservoir of the '“C
cycle, plays the most important role in this sys-
tem: variations in oceanic '“C uptake influence
the atmospheric radiocarbon concentration, since
the oceanic residence time of '“C is of the same
order of magnitude as the '“C half-life of 5730
years [3]. The analysis of past atmospheric '“C
concentration therefore provides the possibility
to detect changes in the carbon cycle connected
with changes in oceanic ventilation. This is of
particular interest in connection with the large
climatic changes during the transition from the
last ice age to the Holocene [4]. However, since
the atmospheric '*C concentration is very sensi-
tive to changes in the '“C production rate [3], an
accurate independent reconstruction of the past
14C production rate is a prerequisite for a quanti-
tative analysis of past variations in the carbon
cycle based on “C. The idea of this paper is to
estimate the past '*C production rate changes
based on the '°Be records from Summit in central
Greenland. We show that climatic changes con-
nected to the deglaciation influence the '"Be flux
to Summit in the order of 20% or less. The '°Be-
based estimate for the “C production implies
strong changes in the carbon cycle to explain
the atmospheric '*C concentration. Since there
are differences to geomagnetic field-based '4C
production rates we present an alternative expla-
nation based on a ‘climate-corrected’ °Be flux
that implies a smaller influence of long-term
changes in the carbon cycle on atmospheric “C
concentration.

In a recent paper [5] some of the present au-
thors simulated past changes of atmospheric 4C
concentration based on: (i) a geomagnetic inten-
sity record retrieved from oceanic sediments and
(i1) a new record of changes in the strength of the
North Atlantic Deep Water (NADW) formation.
These data are detailed for marine isotope stages
(MIS) 2 and 3 (about half-millennial resolution)
but their resolution is lower over the last 20000
years. In particular the NADW record is very

schematic for this last period. In this paper, we
address the issue of past changes of atmospheric
4C concentration using a different approach.
Taking advantage of the fact that '*C and '"Be
are produced by similar processes in the atmo-
sphere [1,2] but have a completely different geo-
chemical behavior, we use a new, high-resolution
10Be record from the GRIP and GISP2 ice cores
from Summit to estimate past variations in °Be
and '“C production rates. After its production,
10Be becomes attached to aerosols and is removed
from the atmosphere after a mean residence time
of 1-2 years [6]. Therefore, provided that atmo-
spheric processes affecting '°Be are understood,
10Be records from ice cores provide rather direct
estimates of the variable production rate of the
cosmogenic radionuclides. Such a comparison of
14C production rate reconstructions based on '°Be
with measured '“C data [7,8] has the potential to
take into account all probable causes of produc-
tion rate variations such as variations in geomag-
netic field, solar activity and/or in the interstellar
galactic cosmic rays flux. He we use this compar-
ison to model changes in the global carbon cycle
over the past 25000 years.

2. The °Be record from the GRIP and GISP2 ice
cores

At the moment, neither a Be nor a 3°Cl
(which is produced similarly as '°Be) record exists
that covers the 0-50000 year interval without in-
terruption. However, it is possible to construct a
composite spliced !°Be record by combining data
from the GRIP and GISP2 ice cores that were
recovered at Summit in central Greenland from
locations approximately 30 km apart (Appendix
and Fig. 1). A relationship between climate var-
iations, illustrated by the climate proxy 8'*0 mea-
sured in the GRIP ice core (Fig. 1c), and the '°Be
concentration is visible: during cold periods,
which correspond to low 8'%0 values, the °Be
concentration is generally increased. This correla-
tion is mainly due to a variable accumulation rate
[9,10]. To remove this climatic component we
have calculated the '°Be flux, using the accumu-
lation rate based on a semi-empirical relationship
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Fig. 1. ""Be concentration and '"Be flux measured in the
Summit ice cores together with the climate proxy 8'%0. (a)
10Be data from the GRIP ice core (black line) [9,17] includ-
ing more than 1500 previously unpublished '"Be measure-
ments. The GISP2 data cover the time ranges of approxi-
mately 3300-8000 yr BP and 9300-37500 yr BP (gray line)
[15]. (b) Composite '"Be concentration record. (c) GRIP
3'%0 data [31] (note that §'80 is plotted inversely). (d) Com-
posite '"Be flux record. Systematic errors due to differences
between the different methods of combining the data are
shown in gray in panels b and d. Differences between corre-
sponding °Be measurements of the GRIP and GISP2 cores
are in the order of 10%. These errors are not shown since
they are only of minor importance for the following calcula-
tions. The curves are plotted versus the GRIP time scale
[49].

between ice flow-corrected annual layer thick-
nesses and corresponding 880 values of the
GRIP ice core back to 14500 yr BP which was
extrapolated further back in time [11]. These ac-
cumulation rates differ by up to 50% [10] from the
published data for the GISP2 ice core which are
obtained from layer counting and ice flow model-
ling for the complete last 50000 years [12]. Sup-
port for using the published accumulation rate for
the GRIP ice core comes from new data from the
NorthGRIP (NGRIP) ice core. Due to the ice

flow and melt characteristics at NGRIP the annu-
al layers are much thicker in the lower part of the
core and it is much less problematic to count the
annual layers. These data confirm to a large ex-
tent the published accumulation rate from the
GRIP ice core. In particular the expected strong
dependence between past accumulation rates and
isotopes, as assumed for the GRIP accumulation
rate, is confirmed (Sigfus Johnsen, personal com-
munication). This important correlation is, how-
ever, not always so obvious in the GISP2 accu-
mulation rate record prior to the Belling period.

Fig. 1d shows the '"Be flux obtained from the
spliced GRIP and GISP2 'Be concentration rec-
ord. In contrast to the 1°Be concentration, the
10Be flux is not influenced by the large climatic
fluctuations during the last ice age. Linear regres-
sion analysis shows that the shared variance of
the '"Be flux and 8'80 is smaller than 6% for
the last 50000 years. Variations in atmospheric
transport or incomplete atmospheric mixing of
10Be could perturb a direct relationship between
global '"Be production and the '°Be flux to Sum-
mit. In the case of the Summit ice cores, however,
the good agreement of independent geomagnetic
field reconstructions with the Summit radionu-
clide data suggests that, at least for MIS 3
(~20000-60000 yr BP), the °Be flux at Summit
is determined mainly by production rate varia-
tions due to geomagnetic field intensity variations
[13,14]. In addition, the good correlation between
10Be and C records during the Holocene [15,16]
and the discovery of solar cycles in the 'Be flux
to Summit for the last ice age [17] are indications
that the Be deposition at Summit reflects the
global °Be production rate variations caused by
solar variability. Based on these earlier results we
assume a linear relationship between the °Be flux
to Summit and the global '"Be production rate.
This assumption allows us to calculate the past
14C production rate based on the '"Be flux and
will be critically reviewed in Section 6.

3. Radiocarbon data

Reconstructions of past atmospheric radiocar-
bon concentrations are usually presented in terms
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of AC defined as the per mil deviation from the
National Institute of Standards and Technology
14C standard after correction for decay and frac-
tionation [18]. For the Holocene period the data
shown in Fig. 2b are obtained from tree ring mea-
surements [19]. For the pre-Holocene period the
various A*C data sets from several natural ar-
chives are based on different methods to infer in-
dependent time scales, which are crucial to deter-
mine A!C [18]. They are based on varve
chronologies [20-22], U/Th-dated corals, speleo-
thems and sediments [23-26], and on correlations
between oxygen isotope records of marine sedi-
ments and ice cores [27]. The high precision
data from tree rings [19] show a moderate long-
term decrease of the order of 100%. during the
Holocene. The increasing discrepancies between
the different data sets for the pre-Holocene period
indicate that there are unresolved problems in at
least some of the data sets. One important source
of uncertainty lies in the difficulty to accurately
date the '*C samples. Even a small dating error of
80 years results in a A'*C error of 10%o . In spite
of the considerable scatter between the different
reconstructions, the A*C data consistently show
fairly high values in the order of 400—600 %o for
the period from 25000 to 20000 yr BP and a
subsequent large decrease to approximately
100 %o at 10000 yr BP. Prior to 25000 yr BP
the inconsistencies among the different A4C
data sets become very large. The thick gray curve
in Fig. 2b shows a reconstruction of an average
AMC for the last 25000 years. This curve is based
on only tree ring measurements for the Holocene
and on all the presented data for the pre-Holo-
cene period after applying a 20-point running
average. This curve basically agrees with the INT-
CALO9S calibration curve [19] except for two main
differences. First, around 13000 yr BP there is a
difference mainly because we used the new high-
resolution data from the Cariaco basin [21] plot-
ted on the GRIP time scale and, in contrast to
INTCAL9S, we used all available A"*C data. Sec-
ond, the INTCALO98 calibration curve shows a
linear trend from 24000 to 15500 yr BP. The
trend of our composite A'*C curve agrees basi-
cally with the INTCAL98 curve but it also shows
shorter-term changes (see Fig. 2).
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Fig. 2. Carbon dioxide and radiocarbon data for the last
50000 years. (a) Different CO, measurements in Antarctic
ice cores [28,34,52]. For the last deglaciation we only used
the latest CO, data from Dome C ice core since it is possible
to synchronize these data with the GRIP chronology via
common CHy variability as proposed by Monnin et al. [34].
(b) Different reconstructions of the atmospheric radiocarbon
concentration for the last 50000 years. For the Holocene pe-
riod, where A*C is very well determined, only the tree ring
measurements [19] are plotted. For the pre-Holocene period
AC measurements in varved lake sediments [20,22,26,53],
speleothems [23], corals [24,25], and sea sediments [21,27] are
shown. The AM“C data from the Cariaco basin were
synchronized to the GRIP time scale [16,21]. The uncertain-
ties increase with age. The gray curve shows an average A*C
reconstruction (see text) for the last 25000 years.

The relatively high A'%*C values prior to and
during the deglaciation can be explained by an
increased '*C production rate and/or reduced
14C uptake by the oceans [3]. Reconstructions of
the atmospheric CO; concentration (Fig. 2a),
which, during the last ice age, only amounted to
approximately two thirds of the Holocene mean
value [28], point to substantial changes in the car-
bon cycle with a potentially important influence
on A"“C. The following discussion concentrates
on the period from 25000 to 10000 yr BP, where
the reasonable agreement between the various
A™C records allows us to estimate changes in
the global carbon cycle from the '*C/'"Be com-
parison.
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4. AC variations inferred from the '°Be-based
production rate alone

We use the outcrop-diffusion model of Sie-
genthaler [29] (Appendix) to quantify the effects
of the global carbon cycle on A*C. The first step
was to hold the carbon cycle constant in order to
determine to what extent the A#C variations are
caused by variations in the “C production rate
alone. The result is shown in Fig. 3. The “Be-
based and measured A*C agree within the esti-
mated errors during the Holocene even though
the model overestimates the A'*C changes. Be-
tween 25000 and 10000 yr BP the two records
show significant differences. The '"Be-based A*C
exhibits almost no long-term trend, while the
measured A“C decreases from approximately
500 to 100 %o . The '"Be maximum around 40 000
yr BP leads to a A'*C increase of approximately
300 %o (see inset in Fig. 3). The A%C band in
Fig. 3 encompasses different simulations obtained
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from different '*C production rate reconstructions
arising from: (i) differences in the GRIP and
GISP2 '"Be data, (ii) different methods of normal-
izing and combining the data (Appendix), and (iii)
differences in the calculation of the *C and '"Be
production rates [2,30]. It illustrates the uncertain-
ties of our reconstruction of the *C production
rate. Additional potential uncertainties due to er-
rors in the accumulation rate or to changes in the
10Be transport are difficult to assess and are not
included. Even though the modelled A*C band is
large there are significant differences between
10Be-based and measured A*C, especially prior
to 15000 yr BP.

5. Changes in ocean circulation as indicated by
10Be and 4C

The difference between measured and °Be-
based A*C suggests strong changes in: (i) the
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Fig. 3. Comparison of the measured A*C with the '"Be-based A*C which was calculated under the assumption that no changes
in the carbon cycle occurred during the last 50000 years. The gray curve shows the combination of the different A'*C reconstruc-
tions (see Fig. 2). The '“Be-based calculation (gray data) is shown with its error range (gray band). The uncertainty in modelled
AMC arises from the differences in the production rate calculations and in the '"Be data from the GRIP and GISP2 ice cores.
The modelled A*C record is normalized to modern A*C values (pre-bomb). The inset shows the comparison for the last 50000

years.
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global carbon cycle and/or (ii) the '°Be transport
to Summit during the deglaciation. Therefore, if
we assume that the °Be flux to Summit is an
accurate indicator of changes in global '°Be pro-
duction we have to include strong changes in the
carbon cycle to explain the differences between
10Be and A4C.

The ocean is the largest radiocarbon reservoir,
including more than 90% of the total '*C inven-
tory on Earth. Only processes involving the
oceans have the potential to produce significant
carbon cycle-related A'*C changes (e.g. [3]). In
the following, we attribute the observed A*C de-
crease from 20000 to 10000 yr BP to an increase
in global oceanic ventilation, i.e. to an increase in
the “C flux from the ocean surface to the deep
ocean. However, it should also be kept in mind
that other mechanisms, for instance a reduction in
14C exchange rate between atmosphere and ocean
due to changes in wind speed and/or sea ice cover,
could also contribute to the observed A!4C
changes [3].

Fig. 4 shows the difference between measured
and !°Be-based A'*C. The relatively small devia-
tions during the Holocene indicate that no signifi-
cant changes in ocean ventilation can be inferred
during this period. Prior to 10000 yr BP the dif-
ference between modelled and measured A'*C re-
sembles the climate parameter 8'%0 measured in
the GRIP ice core [31]. The peaks of the Belling/
Alleregd period, the minimum during the Younger
Dryas as well as the long-term trend from 20 000
to 10000 yr BP are visible in both the A'*C differ-
ence and the 880 record from Greenland. The
long-term climate change is also visible in Antarc-
tic ice cores (Fig. 4c) indicating a connection be-
tween global deglaciation and carbon cycle
changes. The similarity between 880 from the
GRIP ice core and the A'*C difference may imply
that an increased deep-water formation in the
North Atlantic was accompanied by a pro-
nounced heat transport from lower latitudes to
the north with corresponding changes in 8'%0
[32]. It may corroborate the importance of the
Atlantic meridional overturning circulation for
the global '“C distribution [33]. Fig. 4 also sug-
gests a non-linear relationship between A4C dif-
ference and §'80: climate changes on shorter time
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Fig. 4. Comparison of the differences between the '*Be-based
and measured A*C with the climate proxies §'*0 and 8D
measured in polar ice cores. (a) The difference between the
composite A*C record and the different "Be-based A4C
model calculations (gray band). The points indicate the dif-
ference of the measured individual A'*C data to the mean
10Be-based AC curve. (b) §'%0 record from the GRIP ice
core [31]. (c) 8D record from the Vostok ice core (East Ant-
arctica) [54]. The data from Vostok are plotted on the GRIP
time scale [55]. A/B and YD indicate Bolling/Allerod and
Younger Dryas climate periods.

scales as, for example, those occurring during the
Younger Dryas cause relatively weak differences
of the order of 50 %0 between measured and mod-
elled A™C. On the other hand the A*C difference,
which evolves from 20000 to 10000 yr BP, is in
the order of 300 %o .

It is interesting to note that reconstructions of
the past atmospheric CO, concentration show fast
step-like changes at the beginning of the Belling/
Allergd (around 14 500 yr BP) and the Holocene
(11550 yr BP) warm periods [34]. These changes
occur synchronously with the changes in the A*C
difference shown in Fig. 4. It was suggested that
these CO; changes could be connected to changes
in the ocean thermohaline circulation [34], which
is in agreement with our interpretation.

Fig. 5 shows the result of model runs taking
into account variations in deep-water formation.
For these calculations the oceanic ventilation was
adjusted to obtain a match between the '°Be-
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Fig. 5. Measured and modelled A'“C including changes in:
(i) '*C production and (ii) deep-water formation as indicated
by the comparison of '’Be and '*C. The upper panel shows
the measured A*C data including the composite AC record
(black curve) and the °Be-based A*C curves (gray). The
gray band in the lower panel shows the changes in ocean
ventilation which have to be invoked to match !°Be-based
and measured A*C. The changes were low-pass filtered (cut-
off frequency =1/1000 yr~') to remove the short-term scatter.
The gray bands show the uncertainties due to the differences
in the reconstructions of the '“C production rate. The dark
gray line shows 8'®0 measured in the GRIP ice core and the
thin black line shows the low-pass filtered data (cutoff fre-
quency = 1/1000 yr—1).

based and the measured A'*C. By permanently
calculating the difference between reference value
(measured A'*C) and actual value (modelled) it is
possible to adjust the diffusion constant in order
to minimize this difference. If the modelled A*C
is too high this leads to a higher diffusion con-
stant and vice versa. No trial-and-error approach
is necessary for this calculation since this method
allows us to reproduce the measured A*C within
each model run.

To explain the high A¥C values of approxi-
mately 400 %o for the period around 20000 yr
BP the ocean ventilation has to be reduced con-
siderably. In our model a reduction of the diffu-
sion constant to approximately 30% of the present
value results in a good fit between '°Be-based and
measured A*C. A reduction of the diffusion con-
stant in the order of 50% results in a good agree-

ment for the period from 18000 to 15000 yr BP.
The short-term variations in the A“C difference
from 15000 to 10000 yr BP (Fig. 4a) cause cor-
responding changes in the reconstructed ocean
ventilation. During the Holocene the ocean ven-
tilation changes are significantly less constrained.
Changes in ventilation cause relatively small
changes in A*C during periods of generally in-
creased ocean ventilation. This non-linear depen-
dence of A*C on circulation changes is the cause
for the relatively large error band in Fig. 5 for the
Holocene period. With the present data and
knowledge of radionuclide systems, the relatively
small differences between modelled and measured
A"C during the Holocene are within the uncer-
tainty of our method.

In general, apart from the shorter-term fluctua-
tions, a more or less linear increase in ocean ven-
tilation can explain the measured A'*C decrease
from 18000 to 10000 yr BP. This change is syn-
chronous with long-term changes in paleoclimate
records during the last deglaciation, as for exam-
ple the increase in atmospheric CO, (Fig. 2a).
However, the indicated A'*C changes due to de-
creased ventilation are beyond the changes to be
expected from the present state of knowledge of
the carbon cycle. More sophisticated models pre-
dict AMC variations in the order of 40 %o or less
for a realistic weakening in the thermohaline cir-
culation [35]. Therefore, ocean circulation is prob-
ably not exclusively the cause for the long-term
A™C decrease during the deglaciation. There
could be other processes causing the A'*C varia-
tions. For example, a new study indicates that the
effects of changes in gas exchange rate between
atmosphere and ocean have been underestimated
so far [36]. A decreased gas exchange rate between
atmosphere and ocean also leads to less '“C trans-
port to the deep ocean and increases atmospheric
14C concentration. Therefore, independent recon-
structions of ocean circulation changes (e.g. [37])
cannot be used to rule out carbon cycle changes
as indicated by the '°Be/!'*C comparison. Indepen-
dent reconstructions of ocean circulation changes
could help to disentangle the different processes
affecting atmospheric '*C. Wunsch [38] for exam-
ple claims that the evidence for increased oceanic
mixing during the last glacial is more convincing
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than the evidence for the opposite. If true this
could indicate that other processes as mentioned
above dominated the long-term changes in atmo-
spheric '#C concentration during the last 25000
years. Until now alternative methods to recon-
struct the '“C distribution in the oceans do not
show a consistent picture (e.g. [38-40]) and seem
not yet to be useful to disentangle the different
processes affecting atmospheric '“C concentration
changes.

From 15000 to 10000 yr BP the differences
between measured and modelled A™C with con-
stant ventilation are in the order of 50 %o (Fig.
4a). It is important to note that the relatively
large error band during this period is caused by
the differences of the various '"Be-based '*C pro-
duction rate reconstructions. For example, one
combination of the GRIP and GISP2 data can
yield a modelled AC at the upper limit of the
uncertainty band and another one at the lower
limit. This means that each of the modelled
AC curves shows similar changes but with a dif-
ferent offset. Therefore, the relative changes of the
modelled A*C on centennial to millennial time
scales are less uncertain during this period. The
uncertainties are mainly due to the errors of
the individual “Be measurements. These errors,
which can be assessed by a Monte Carlo ap-
proach, are in the order of £ 5%o [16]. Since these
errors are small compared to the systematic errors
we did not include them in the figures. The mag-
nitude of the AM™C variations from 15000 to
10000 yr BP is in agreement with the results of
more complex carbon cycle models [35]. There-
fore, these variations can be attributed to varia-
tions in the NADW formation. We postulate that
two qualitatively different mechanisms could be
responsible for the carbon cycle changes influenc-
ing AC. The first attributes the A*C variations
to changes in NADW formation. The second
mechanism for AC changes is associated with
the long-term changes during the global deglacia-
tion when the atmospheric CO, concentration, sea
level, sea ice cover and global temperature
changed significantly.

Also during the geomagnetic minimum around
40000 yr BP we get a better correspondence be-
tween measured and modelled A*C if we include

changes in the carbon cycle. Although it is not
possible to identify this geomagnetically induced
A"C increase unequivocally in all A"*C data sets,
the peak of about 600 %0 around 41000 yr BP in
the data from the North Atlantic has been first
attributed to this event [41]. Other high values
from stalagmite data have been reported by
Beck et al. [23] but they are significantly older
(44000 yr BP). The “Be-based A“C increases
only about 300 %0 neglecting changes in the car-
bon cycle. A decrease in the diffusion constant to
30% of the present value leads to a '°Be-based
AMC increase of about 500 %o around 40000 yr
BP, which is in better agreement with the data.
However, a strongly decreased ventilation to a
constant value throughout the complete period
of increased '"Be deposition is very unlikely be-
cause it covers Dansgaard/Oeschger events 9 and
10 [13] which are connected to a variable ocean
circulation [3].

6. Discussion

The basic assumption on which our conclusions
depend is that the '°Be flux at Summit in Green-
land is proportional to the global '°Be production
rate. Here we will discuss the pros and cons of
this assumption.

6.1. Comparison with other '*C production records

The recent evaluation of atmospheric AC var-
iations during MIS 2 and 3 [5], largely based on
the NAPIS-75 paleomagnetic reconstruction, sug-
gests that the high atmospheric radiocarbon con-
centration during the last glacial period is mainly
(but not completely) due to low geomagnetic field
intensities relative to the present value [5]. The
difference with respect to the !°Be-based A4C
mainly arises from the fact that the geomagnetic
field-based and the 'Be-based *C production
rates differ by an average offset of approximately
20% before 18000 yr BP. Fig. 6 shows the com-
parison of the '*C production rates derived from
the Summit '°Be records and the most recent geo-
magnetic field compilation of Laj et al. [5] based
on NAPIS-75. The comparison shows a very good
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Fig. 6. Comparison of different reconstructions of the “C
production rate for the last 50000 years. The dark gray
band shows the range of '"Be-based “C production rates
after low-pass filtering the data (cutoff frequency = 1/3000
yr~1). The black line shows the '*C production rates based
on the paleomagnetic data [5] after applying the same low-
pass filter. The light gray band shows the error range of the
original data. The different records are shown on the GRIP
time scale. The inset shows the same comparison after shift-
ing the '°Be-based '*C production rate by +20%. After this
modification the two independent “C production rates agree
within the errors from 50000 to 18000 yr BP.

agreement for the last 18 000 yr BP and significant
differences prior to 18000 yr BP where the paleo-
magnetic field-based production rate suggests an
increased '“C production rate. As a consequence,
neglecting changes in the carbon cycle, the geo-
magnetic field-based A*C during the last ice age
is higher compared to the '“Be-based A*C and
results in a smaller difference between modelled
and measured A'%C [5]. The differences between
60000 and 18000 yr BP could be caused by un-
resolved problems in the '"Be or the geomagnetic
field-based '4C production rate. As mentioned un-
certainties in the °Be-based '“C production rate
could be due to the reconstructed accumulation
rate and possible deviations of the '°Be flux
from being proportional to the global '“Be pro-
duction rate throughout the last 50000 years.
However, the small differences between °Be-
based and geomagnetic field-based '“C production
rate observed during the last 18000 years are
within the error limits (Fig. 6). If climate changes

influenced the '°Be transport to Summit we would
expect to find the main disagreement during this
period when the strongest climatic changes took
place. In addition, if '°Be is normalized differently
the changes in geomagnetic field and radionuclide
flux agree within the errors for the period from
60 000 to 20000 yr BP [14,42] (Fig. 6, inset). If the
differences in the order of 20% are caused by
changes in the °Be system, this would indicate a
relatively abrupt change in the '°Be transport or
deposition between 20000 and 18000 yr BP,
which we cannot exclude. But also the geomag-
netic field-based '*C production rate has its un-
certainties. The geomagnetic field reconstructions
do not show solar activity changes which clearly
are present in the time interval of interest [17]. If
the disagreement shown in Fig. 6 is due to
changes in solar activity this would point to a
generally increased solar activity before 18000
yr BP. Long-term changes in the interstellar cos-
mic ray intensity would also lead to '*C produc-
tion rate changes which cannot be reconstructed
by geomagnetic field measurements. The disagree-
ment between “Be and geomagnetic field-based
14C production could also be caused by uncertain-
ties in the geomagnetic field reconstruction due, in
particular, to the difficulties in the calibration of
the sedimentary record on an absolute scale. For
the most recent period (11000 years), the record is
based on archeomagnetic data. Although repre-
senting spot readings of the field, these data are
numerous enough and widely distributed over the
northern hemisphere, so that their average can be
considered to be a relatively precise estimate of
the dipole field. Beyond 12000 years, less abun-
dant volcanic data are available. Like many ma-
rine sedimentary records, NAPIS-75 does not ex-
tend into the last 15000-20000 years because the
uppermost part of the cores is at best disturbed,
sometimes missing and in most cases too soupy
for reliable magnetic measurements to be done.
Therefore, the overlap with sedimentary records
which, in a good quality, extend only to about
15000-18 000 yr BP, is thus limited, precluding
an unambiguous, precise connection between rel-
ative (sedimentary) and absolute data. The long-
term differences in the '°Be and geomagnetic field-
based AC record could be reconciled using a
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normalization of the sedimentary record slightly
different from that given in the previous evalua-
tion [5]. This normalization, although in our opin-
ion less realistic, would still be within error limits
of the presently available data set. However, rec-
onciling some of the short-term differences would
still be problematic.

Other geomagnetic field reconstructions based
on marine sediments [43] or marine '°Be records
[44] show a geomagnetic field minimum around
40000 yr BP and a subsequent almost linear in-
crease towards the Holocene. The minimum
around 40000 yr BP is in agreement with the
Summit '°Be record and the most recent geomag-
netic field compilation of Laj et al. [5]. However,
in contrast to the global geomagnetic field compi-
lations by Guyodo and Valet [43] and the geo-
magnetic field reconstruction based on °Be mea-
surements in sediments [44], the Summit '°Be- and
the NAPIS-75-based records [5] show a much
more variable geomagnetic field history during
the last 50000 years. One main reason is that
the time resolution of these global geomagnetic
field compilations is very low. For example, the
reconstruction by Guyodo and Valet [43] does not
capture the fine structure during the Holocene
which leads to disagreements with the estimate
of global geomagnetic field changes based on ar-
cheomagnetic data [45]. The same applies for geo-
magnetic field reconstructions based on '’Be mea-
surements in sediments [44]. In addition, these
records are strongly influenced by changes in the
10Be transport to the sediment [46] making it dif-
ficult to extract the pure production signal [47].
Nevertheless, these records point to a generally
increased “C production during the last ice age
compared to the Summit °Be record and rather
agree with the NAPIS-75-based record.

With our present knowledge of the radionuclide
systems and the uncertainties of the paleomagnet-
ic records, we cannot pinpoint the origin of the
differences between the '°Be- and geomagnetic
field-based “C production rates (Fig. 6). In the
following we will discuss some characteristics
of the carbon cycle, which may help to distin-
guish between production and carbon cycle effects
and their effect on the atmospheric *C concen-
tration.

6.2. Characteristics of A"*C changes

Changes in the production rate and changes in
the ocean ventilation influence AC with two
widely different time constants. A step change in
the production rate causes A*C changes with a
time constant of about 5000 years (Fig. 7a). This
time constant is mainly determined by the half-life
of *C. By contrast, changes in oceanic ventila-
tion, which mean a redistribution of *C in the
ocean, lead to much faster A'C changes on
time scales of centuries (Fig. 7b). This disparity
of time scales has important implications for the
comparison of '"Be and '*C at the transition from
the ice age to the Holocene. It implies that
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Fig. 7. Reaction of atmospheric '“C concentration on
stepped changes in the '*C production rate and in the ocean-
ic ventilation. (a) A model run where the “C production
rate is increased by 10% at 70000 years and reduced to the
original value at 20000 years. As expected, the atmospheric
14C content rises by 10% in all reservoirs producing a corre-
sponding A*C increase of 100%o. It takes approximately
5000 years until the atmospheric '“C content has increased
by 5% after the '“C production rate increase. After returning
to the original '“C production rate at 20000 years the atmo-
spheric '#C content decays almost exponentially with a char-
acteristic time of 5000 years. (b) A model run where the
ocean mixing coefficient is reduced to 50% at 70000 years
and restored to its original value at 20000 years. Half of the
A¥C increase occurs during approximately 350 years after
the circulation change and half of the decrease occurs al-
ready in less than 200 years. This change in the ocean mixing
produces a comparable A'*C change as in the run shown in
panel a. However, the time scales on which these changes oc-
cur are very different.



R. Muscheler et al. | Earth and Planetary Science Letters 219 (2004) 325-340

changes in ocean ventilation during the deglacia-
tion can have only a short-lasting effect on A4C
restricted only to the beginning of the Holocene.
On the contrary, any error in the calculated pro-
duction rate, for example due to changes in '"Be
transport during deglaciation, would lead to er-
rors in the modelled A'"*C during the entire Holo-
cene.

This long-term ‘memory’ of the “C system is
illustrated in Fig. 8. It shows a calculation where
we assigned the difference between modelled and
measured A'*C during the deglaciation to changes
in the '"Be system. We introduced a ‘correction
factor’ for the '°Be flux of 1.2 for the period prior
to 20000 yr BP. The multiplicative factor linearly
decreases to 1.0 from 20000 to 18000 yr BP (see
Fig. 8a). This modification reconciles to a large
extent the 'Be- and geomagnetic field-based '“C
production rates. As expected the agreement of
modelled and measured A*C for the pre-Holo-
cene period improves considerably when this
modification is considered, but, because of the
memory effect, we obtain a worse fit for the Ho-
locene. Compared to the tree ring data the mod-
elled A'*C based on the modified '“C production
rate is approximately 80 %o too high at the begin-
ning of the Holocene which is, in contrast to the
unmodified !°Be-based curve, not within the
estimated errors. Since the unmodified 'Be-based
AMC already rather overestimates the Holocene
A'C changes this modification leads in the wrong
direction if we would concentrate only on the
Holocene period. Therefore, if this modification
is correct this would imply additional changes
in the carbon cycle during the Holocene that
are similar or even stronger than during the gla-
cial. This, however, seems to be rather improb-
able. Therefore, if we have to include a correction
in the '°Be flux to obtain the global mean '"Be
production rate we have also to imply such
changes during the relatively stable Holocene pe-
riod.

However, one should be aware that the mod-
elled A'*C is very sensitive to small changes in the
14C production rate. Differences in the order of
20% produce A*C differences of 200%o in the
long term. Beside the 20% difference prior to
20000 yr BP, the overall agreement between geo-
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Fig. 8. Comparison of measured A'*C with '"Be-based A*C
after the modification of the '°Be fluxes and *C production
rates. (a) Adjustment function used to modify the '"Be flux.
(b) Modified '°Be fluxes. (c) Comparison of measured A*C
and modelled A'*C based on modified '’Be flux. The band in
panel c indicates the uncertainties due to the differences in
the reconstruction of the *C production rate.

magnetic field and °Be flux is very good. The
20% difference is almost within the estimated er-
rors of our methods but it has, as we showed in
this paper, important consequences for the in-
ferred origins of the A'*C changes.

Additional measurements of continuous '’Be
records from other ice cores in particular from
Antarctica and their comparison with the Summit
10Be record could improve the accuracy of our
reconstruction of the '*C production rate. The
measurement of continuous °Cl time series could
further improve the situation, since !°Be and ¢Cl
are produced similarly but behave differently in
the atmosphere.

7. Conclusions
The comparison of '°Be and '*C gives insight

into the factors responsible for atmospheric 4C
concentration changes over the last 25000 years.
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We obtain a high degree of similarity between
0Be-based and measured A*C for the last
10000 years pointing to a dominant influence of
common variations in the production rate. Prior
to 10000 yr BP there are clear differences between
measured and modelled A'*C which can be attrib-
uted to variations in the carbon cycle and/or to
variations in the '°Be system. Assuming that the
0Be flux to Summit is mainly influenced by the
variable production this comparison points to
considerable changes in the carbon cycle during
the last deglaciation resulting in a generally de-
creased oceanic “C uptake during the last ice
age. The inferred variations in the carbon cycle
show a close connection to 8O measured in
the Greenland ice cores on centennial to millen-
nial time scales and on the time scale of the de-
glaciation. Due to differences between geomag-
netic field- and '"Be-based *C production rates
and due to the required accuracy our conclusions
on the long-term carbon cycle changes are more
uncertain than on the changes on millennial time
scales. Assuming a change in atmospheric '"Be
transport in the order of 20% before 18000 yr
BP reconciles the Summit '°Be record and inde-
pendent geomagnetic field reconstructions. This
comparison suggests that the long-term changes
in the carbon cycle could be overestimated by
the comparison of Summit “Be record and
AMC. For the period prior to 25000 yr BP, no
final answer can be given as long as the problem
of the scatter between the various A'*C recon-
structions is not resolved. Common variability in
10Be and A'*C records, as for example the A'*C
decrease from 23000 to 21 500 yr BP (see Figs. 3
and 8), could help to improve the AC time scales
which are one important source of uncertainty in
the A*C data.
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Appendix A
A.1. The spliced '°Be record

The GRIP !“Be concentration measurements
cover the Holocene period from 300 to 9300 yr
BP (non-continuously but without gaps longer
than 30 years) and the last ice age until 17400
yr BP (with fewer gaps). The time resolution of
the data shown in Fig. 1 ranges from 2 to 3 years
in the youngest part of the ice core up to ~40
years at 50000 yr BP [9,17]. More than 1500 pre-
viously unpublished 'Be measurements [48]
mainly fill the gaps in the Holocene part of the
record [9] and smaller gaps in the glacial part. The
GISP2 data [15] cover the time intervals 3300-
7850 and 9300-37 500 yr BP. The time resolution
of GISP2 !°Be data is approximately six times
lower than for the GRIP data. The GISP2 data
were transferred to the GRIP time scale by syn-
chronizing the 880 data sets of the GRIP [49]
and GISP2 [50] ice cores and the data are re-
ported on the GRIP time scale [49]. For the in-
tervals where the two records overlap a compar-
ison of the !°Be concentrations reveals that the
two data sets are strongly correlated. Linear re-
gression analysis indicates a shared variance of
92% (n=256). Furthermore, after normalization
of the GISP2 data to the beryllium standard
which was used for the GRIP measurements
(SRM 4325 [9]) the mean values of the data differ
by less than 3%. However, when investigating spe-
cial time periods differences up to 10% are visible.
For the Holocene period when the two records
overlap the GISP2 data are in the mean approx-
imately 7% lower than the GRIP data. For the
period 17000-37 500 yr BP the GISP2 data are
approximately 6% higher than the GRIP values.
Because of these differences we estimate that po-
tential errors in the '°Be data are in the order of
10%. These differences could be due to incomplete
age coverage due to still lacking data (by e.g. co-
incidentally missing some solar maxima in one
data set) and the possible differences in the trans-
port and/or deposition of °Be at the two sites.
Furthermore, the different methods of sample
preparation and separating the dust from the ice
[9,15,51] might cause differences in the order of
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10% for the period of the last ice age. For exam-
ple we corrected GRIP samples which were pro-
cessed with the 0.45 um filters by adding 25% to
correct for the '°Be removed by the filter [9,51]
while the GISP2 data were corrected by measur-
ing all filters and by summing the filter-borne and
filtrate 1°Be [15]. Surprisingly the dust-borne frac-
tion of 1°Be seems not to be related to the changes
in climate [51] which allows this general correc-
tion for the last ice age. These methods were ap-
plied for each sample older than 11500 years.
Nevertheless, taking into account these uncertain-
ties the combined data set can be considered to be
representative of the !°Be concentration at Sum-
mit. To calculate the spliced 'Be record shown
in Fig. 1b we have applied different methods
to correct for the systematic differences in the
10Be concentration described above. For periods
with overlapping data we have interpolated the
GISP2 '"Be data to the GRIP time resolution.
To assess the uncertainties due to the differences
in the 1°Be data, we calculated several spliced '°Be
records with different normalizations of the
GISP2 and GRIP °Be data. For example, one
record was obtained after correcting for the sys-
tematic difference during the Holocene (all GISP2
data +7%) and another record after correction for
the systematic difference during the last ice age
(all GISP2 data —6%). These curves were in-
cluded in the calculations of AC and can be
considered a good measure for the systematic un-
certainties of the data. Differences between the
individual data points are bigger (the average 1o
errors for the means between GRIP and GISP2
10Be data values are 10%).

A.2. Reconstruction of the “C production rate

To calculate the '“C production rate variations
from the Be flux we assume that long-term
(> 3000 years) variations are due to the varying
geomagnetic field [14]. We attribute the variations
occurring on shorter time scales to changes in
solar activity. This separation is applied because
geomagnetic field and solar activity variations in-
fluence the “C and !°Be production rates in a
slightly different way [2,30]. However, since these

differences between solar- and geomagnetic field-
induced production changes are relatively small,
our results do not depend strongly on the assump-
tion necessary to convert the '°Be flux to the 4C
production rate. Potential variations in the inter-
stellar cosmic ray flux are not explicitly consid-
ered in this calculation but they should show up
in the '°Be flux and therefore also in the recon-
structed “C production rate. We used both the
results of the production calculations of Masarik
and Beer [2] and Lal [30] to reconstruct the 4C
production rate. Together with the different com-
binations of the '"Be data we obtained 14 differ-
ent reconstructions of the '“C production rate
which were the basis to draw the error bands
shown in the figures.

A.3. Carbon cycle model

There is a variety of different carbon cycle
models but at least on longer time scales the
choice of the model does not influence the results
(assuming constant carbon cycle). For example a
10% increase in the '“C production rate leads to a
10% increase of the *C content in every carbon
reservoir for steady-state conditions. Therefore,
including a constant sink in the model, as for
example an ocean sediment box, does not change
the results on long time scales. However, changes
in the exchange fluxes or in the corresponding
sizes of the '“C reservoirs can have a significant
influence on A'“C, if such changes are included
during a model run. We use the outcrop-diffusion
ocean model of Siegenthaler [29] to calculate A*C
using the '"Be-based '“C production rates. This
model includes atmosphere, biosphere and ocean.
We used the set-up where the mixing of carbon
within the ocean is described only by diffusive
exchange (a.=0, F,=17.99 mol m™2 yr !,
K=4005 m? yr~!, see [29]). A reduced oceanic
deep water formation is then described by a re-
duced diffusion constant. Differences to other car-
bon cycle models, as for example used in Laj et al.
[5], are small. The effect of the variation in atmo-
spheric CO, concentration on A'*C is included in
the calculations when a varying carbon cycle is
assumed. Important for the calculation is the
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choice of the starting parameters. The initial
amount of '4C in the different reservoirs has an
effect on the modelled A'*C for several '#C half-
lives after the beginning of the calculation. Our
calculation starts at 50’000 yr BP with the present
14C inventory and distribution as suggested by the
data of Voelcker et al. [27].

The distinction between random and systematic
errors is crucial for the calculation of the errors of
the modelled A'*C. To a large extent random er-
rors cancel out since a short-term scatter in the
production rate is strongly dampened due to the
exchange between the relatively large carbon res-
ervoirs. Systematic errors potentially do not can-
cel and produce a large band of uncertainty. The
dominant systematic errors were included in our
calculation. Monte Carlo simulations show that
the random errors cause uncertainties of less
than +10%o0 in the modelled A*C. This can be
neglected compared to the systematic errors.
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