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USE OF 10Be TO PREDICT ATMOSPHERIC 14C VARIATIONS DURING THE 

LASCHAMP EXCURSION: HIGH SENSITIVITY TO COSMOGENIC ISOTOPE 

PRODUCTION CALCULATIONS 
 

Alexandre Cauquoin1,2 • Grant Raisbeck1,3 • Jean Jouzel1 • Didier Paillard1 

 
ABSTRACT. The Laschamp excursion is a period of reduced geomagnetic field intensity occurring 40.7 ± 1.0 kyr ago. As 

a consequence, cosmogenic isotope production increased dramatically and its sensitivity to solar activity was enhanced 

during this period. The latter occurs because a larger fraction of the lower-energy interstellar galactic cosmic-ray particles, 

normally excluded by the geomagnetic field, is able to reach Earth’s atmosphere. This produces a cosmogenic isotope 

production sig-nal with a significant structure. As high-resolution 10Be profiles from both Antarctica (EDC) and Greenland 

(NGRIP–GRIP) during this crucial period are now available, one can use them as input into a box carbon cycle model in 

order to predict at-mospheric 14C variations due to the Laschamp excursion. For this purpose, 10Be data are converted into 

14C, using production calculations for the 10Be-14C conversion, after correction for the estimated difference of sensitivity 

between polar and global 10Be deposition. Several scenarios of carbon cycle state are simulated, from preindustrial to 

glacial conditions. Applying two  recent cosmogenic isotope production calculations for the 10Be to 14C conversion, we 

found that the resulting atmospheric ∆14C variations are very sensitive to which of these two are employed. For example, 

∆14C amplitude under glacial conditions varies from 260‰ (EDC) and 320‰ (Greenland) to 430‰ (EDC) and 510‰ 

(Greenland) depending on the formulation used for 10Be-14C conversion. 

 
1. INTRODUCTION 

 
Cosmogenic isotopes like 14C and 10Be are produced in Earth’s atmosphere mainly by interaction 

of galactic cosmic rays (GCR) with nitrogen of the upper atmosphere. Since the GCR flux is 

modulated by the geomagnetic and heliomagnetic fields, records of 14C and 10Be provide useful 

information about variations in solar activity and geomagnetic field intensity in the past (Lal and 

Peters 1967). As a consequence, the higher the solar or geomagnetic field, the more primary 

cosmic-ray particles are deflected, which leads to a decrease of cosmogenic isotope production. 
 

14C and 10Be have been studied in natural archives for several decades. 14C measurements were per-

formed to establish 14C calibration records because the ratio 14C/12C in the atmosphere has changed 

during the past due to variations in production (geomagnetic field intensity and solar activity) and 

modifications of the carbon cycle. Many such studies have been done in sediments (Hughen et al. 

2004, 2006; Bronk Ramsey et al. 2012), speleothems (Beck et al. 2001; Hoffmann et al. 2010), 

corals (Fairbanks et al. 2005), and tree rings (Muscheler et al. 2008; Turney et al. 2010). 

Calibration curves, regrouping all 14C measurements, as IntCal04 and IntCal09 (Reimer et al. 

2004, 2009), have been constructed for the conversion of 14C ages to calibrated ages. 10Be has been 

studied in ice cores from Antarctica (Yiou et al. 1985; Raisbeck et al. 1990, 1992; Horiuchi et al. 

2008; Baroni et al. 2011) and Greenland (Beer et al. 1990; Finkel and Nishiizumi 1997; Yiou et al. 

1997; Wagner et al. 2001; Muscheler et al. 2004, 2005), as well as in sediments (Raisbeck et al. 

1985; Robinson et al. 1995; Frank et al. 1997; Ménabréaz et al. 2011; Nilsson et al. 2011). One 

advantage of ice cores is that they offer a relatively simple way to calculate 10Be fluxes (from the 

measured concentration of 10Be and the estimated accumulation rate). Moreover, their higher 

resolution can be helpful for the  study of shorter events due to solar activity, for example. 
 

Although 14C and 10Be are both produced by cosmic rays, their behaviors differ in the atmosphere. 

Indeed, 10Be atoms become fixed to aerosols and are deposited very quickly after their production  
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(within ~1–2 yr according to Raisbeck et al. [1981]), whereas the 14C atom is oxidized to CO2 and 

enters the global carbon cycle, in which it is homogenized with stable carbon. As a consequence, 

14C concentration variations in different reservoirs are smoothed and delayed with respect to 14C 

produc-tion variations. Masarik and Beer (1999) found that the stratosphere contributes 56% of 

the global production of 10Be and Heikkilä et al. (2009) determined with their model that the 

stratospheric fraction of the total production is 65%. While most 10Be produced in the troposphere 

is deposited near the latitude band in which it is formed, even the dominant proportion coming 

from the strato-sphere probably does not have the time to be completely well mixed because of its 

relatively short residence time compared to the mixing time of the air in the stratosphere. 

According to Field et al. (2006), the polar flux is about 20% less sensitive to variations of 
geomagnetic field intensity (and 20% more sensitive to variations of solar activity) than the global 

production. This fact will be taken into account for the 10Be-14C conversion (see section 2.2). 
 

The past 14C production rate has been previously studied using numerical models. Past changes of 

atmospheric 14C concentration were, in most cases, simulated using geomagnetic intensity re-cords 

retrieved from oceanic sediments (like NAPIS-75 [Laj et al. 2002] or GLOPIS-75 [Laj et al. 

2004]). The geomagnetic intensity signal was converted into 14C production with the help of calcu-

lations from Masarik and Beer (1999) (equations in Wagner et al. 2000). These model results can 

be compared with reconstructed ∆14C values obtained from well-dated archives like sediment 

records (Hughen et al. 2004, 2006) or speleothems (Beck et al. 2001; Hoffmann et al. 2010). 

Recently, Hoffmann et al. (2010) used this method with GLOPIS-75 but converting it with an 

approximation from Elssasser et al. (1956) (see section 2.3) instead of the numerical values from 

Masarik and Beer (1999). We will show here that the choice of production calculations can have 

huge consequences on the simulated atmospheric ∆14C. As for 10Be records, Bard et al. (1997), 

using the same approach as Beer et al. (1988), compared 10Be-based 14C (modeled from the South 

Pole record of Raisbeck et al. [1990]) with tree-ring 14C records to document how solar modulation 

has influenced the cosmo-nuclide production variations during the last millennium. Muscheler et 

al. (2004) used a model with a 10Be composite record from GRIP and GISP2 (Greenland) as an 

input to compare it with ∆14C from different sources, especially during the last 25 kyr. Nilsson et 

al. (2011) also studied atmospheric ∆14C adopting the same model but with the 10Be GRIP record 

on the GICC05 timescale between 50 and 25 kyr BP. 
 

Hereafter, we focus on the period around the Laschamp excursion. There has been considerable 

discussion about the magnitude and origin of high-level atmospheric ∆14C measured in different 

archives at the time of this event. The Laschamp excursion represents a well-constrained geochro-

nological event and has been dated at 40.7 ± 1.0 kyr ago by Singer et al. (2009). During this event, the 

geomagnetic field intensity was extremely weak (around 10% of present intensity). This had the effect 

to sharply increase cosmogenic isotope production (such as 10Be and 14C) (Raisbeck et al. 2007). 

Moreover, cosmogenic isotope production was affected by an increased sensitivity to solar activity 

during this event. Indeed, a larger fraction of the lower-energy interstellar galactic cosmic ray particles, 

normally excluded by the geomagnetic field, was able to reach Earth’s atmosphere. For example, 

Wagner et al. (2001) show that a 205-yr cycle, assumed to be of solar origin, was enhanced in the GRIP 

10Be record during the Laschamp excursion. High-resolution 10Be profiles, with consid-erable structure, 

from both Antarctica (EDC, Raisbeck et al. 2007) and Greenland (NGRIP–GRIP, Yiou et al. 1997, 

Raisbeck et al. 2007, unpublished data) during this period being now available, it was interesting to use 

them as input in a box carbon cycle model to predict the resulting atmospheric 14C amplitude linked to 

the Laschamp excursion. For this, 10Be data need to be converted into 14C production. We will show that 

this step is crucial to determine the amplitude of atmospheric 14C during this time. Indeed, new 

calculations of 14C production from Kovaltsov et al. (2012) combined 



 

  
 

with those from Kovaltsov and Usoskin (2010) for 10Be production calculations lead to a discrepan-cy 

in the resulting atmospheric 14C amplitude for low geomagnetic field intensity (as the Laschamp 

excursion) compared with those of Masarik and Beer (2009) (see sections 2.2 and 4.1). 

 
2. MODELING 

 
2.1. 10Be Records from Greenland and EPICA Dome C 

 
Three records were used for this analysis: one from the Antarctic plateau and two from Greenland, 

plus the geomagnetic field intensity GLOPIS-75 record (see section 2.3). One of the advantages of 

using 10Be from ice cores is the high resolution, which permits to take into account the structure of 

the cosmogenic production peak due to increased sensitivity to solar activity. The Antarctic record 

is EPICA Dome C (Raisbeck et al. 2007) and its time resolution is ~10 yr between the 37.5 and 

45.5 kyr BP age range. EDC (75°06′S, 123°21′E) has been synchronized (Raisbeck et al., unpub-

lished data) to the North GRIP (NGRIP) timescale GICC05 (Svensson et al. 2008) between 40.4 

and 42.1 kyr BP using the Match protocol from Lisiecki and Lisiecki (2002). The NGRIP record 

(75.1°N, 42.3°W) has an average time resolution of ~7 yr in the time range 40,424–42,040 yr BP. 

In order to have a more extended (37.5–45.5 kyr BP) Greenland input for the model, we 

complement-ed the NGRIP record with the GRIP record (72.5°N, 37.3°W), which has a time 

resolution from ~30–50 yr (Yiou et al. 1997; Raisbeck et al. 2007), for the rest of the timescale. 

The two Greenland ice-core records were placed on the GICC05 timescale (Svensson et al. 2008) 

and were normalized to the same average value over their common age range. To study production 

variations in ice cores, especially during periods of variable climate, it is probably better to use 

10Be flux instead of concentrations because 10Be concentration is influenced not only by production 

variations but also by the amount of precipitation at the site. Assuming that 10Be falls mainly by 

dry deposition on the Antarctic plateau (Yiou et al. 1985; Raisbeck et al. 1992), we can minimize 

the climatic component (precipitation) of the EDC record by calculating 10Be flux, which is the 

product of the measured concentrations and the estimated accumulation rates (Raisbeck et al. 

1992). The 10Be GRIP flux was calculated using the ss09sea accumulation rate (Johnsen et al. 

2001). The Greenland and EDC records are reported in Figures 1b and 1c, respectively. The 

GLOPIS-75 record (Laj et al. 2004) is also displayed for comparison in Figure 1a. The high-pass 

filtered 10Be flux of each record (cut-off frequency = 1/2000 yr−1), representing variations of 

production dominated by solar activity, is shown in Figures 1d and 1e. 
 

The EDC and Greenland records are different in several aspects. For EDC, the assumption that 10Be 

falls by dry deposition is probably reasonable because this is a very dry region with an extremely low 

and relatively stable accumulation rate (EPICA 2004). Greenland is not as dry as the Antarctic plateau 

and the snow accumulation rate is more variable. It is important to keep in mind that cal-culated 10Be 

fluxes are directly affected by uncertainties in the estimated accumulation rate of the studied sites. 

Moreover, the Greenland record has some additional limitations like the uncertainties about the 10Be 

GRIP record (resolution, missing samples, corrections for filtered samples, Yiou et al. 1997; Raisbeck 

et al. 2007), and its combination with NGRIP. 
 

2.2. Reconstruction of 14C Production from 10Be Flux  
 

To calculate the 14C production rate from the 10Be flux, we assume that long-term variations (≥2000 yr) 

are due to fluctuations of the geomagnetic field intensity and variations on shorter time-scales 

correspond to changes in solar activity (Muscheler et al. 2005). To make this separation (Fig-ure 1: bold 

curves), we used the AnalySeries program from Paillard et al. (1996). First, a correction to take into 

account the latitudinal dependency of 10Be deposition is applied because, contrary to 14C, 10Be is 

probably not completely homogenized before its deposition in polar regions. Contribu- 



 

 
tions from different regions to the flux of 10Be deposited in polar regions have been estimated by 

comparisons of calculated 10Be production from changes in geomagnetic field intensity with 10Be 

records. Using the Vostok ice core, Mazaud et al. (1994) deduced that 25% of 10Be was locally pro-

duced and 75% was modulated by global geomagnetic intensity changes. More recently, by the use of 

model-derived estimates, Field et al. (2006) found that polar deposition in both hemispheres is 

enhanced by a factor of 1.2 (compared with global deposition) for solar-activity-induced variations and 

reduced by a factor of 0.8 for geomagnetic intensity variations. We used these results in order to 

estimate the global 10Be flux (see section 1). In contrast to Field et al. (2006), Heikkilä et al. (2008), 

using the ECHAM5-HAM General Circulation Model, found no indication of a polar enhancement. 

Indeed, they found 10Be “well-mixed” in the stratosphere, which is sufficient to mask a latitudinal 

dependence in the polar regions (Heikkilä et al. 2009). Muscheler et al. (2004) and Nilsson et al. (2011) 

assumed that the 10Be flux from Greenland they used for ∆14C modeling was an indicator of changes in 

global 10Be production. Using this last hypothesis for our input and our carbon cycle model would 

decrease the atmospheric ∆14C amplitude modeled by 30–60‰ depending on the 10Be-14C conversion 

used (see chapter below and section 4.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 (a) GLOPIS-75 record (Laj et al. 

2004). (b, c) 10Be flux measured in the 

Greenland (red) and EDC (black) ice 

cores between 37.5 and 45.5 kyr BP. 

EDC has been synchronized with NGRIP 

between 40 and 42 kyr BP on the 

GICC05 age scale. The Greenland 

record is a combination of NGRIP (thin 

red line) and GRIP (orange) data. The 

NGRIP record covers the time range 

40,424–42,040 yr BP while the GRIP 

data are used over the rest of the tim es -

cale. The GRIP data were scaled in such 

a way that GRIP and NGRIP fluxes have 

the same average value over thei r com -

mon age range. The bold curves show 

the data after low-pass filtering (cutoff 

frequency = 1/2000 yr−1) assumed to be 

the geomagnetic component. (d , e) 1 0 Be 

flux in the Greenland (red) and EDC 

(black) ice cores after removing the low -

pass component given by the bold curves 

in (b) and (c), describing fast variations of 

10Be probably dominated by solar activi ty 

variations. 



 

  
 

After applying these corrections to 10Be, we account for difference in production processes between 

10Be and 14C. 14C is produced by absorption of thermal neutrons while 10Be is produced by spallation 

reaction (mainly with high-energy neutrons) (Masarik and Beer 1999, 2009). Expressions in the article 

of Wagner et al. (2000) (using the results of Masarik and Beer [1999]) were previously used by 

Muscheler et al. (2004) and Nilsson et al. (2011) for 10Be-14C conversion, and also by others (Laj et al. 

2002; Hughen et al. 2004, 2006) to calculate the 14C production rate from geomagnetic intensity record 

(see section 1). An update of these calculations has been released by Masarik and Beer (2009). To our 

knowledge, it has not yet been applied for this type of study. Very recently, Kovaltsov et al. (2012) 

simulated 14C production after having calculated 10Be production variations according to geomagnetic 

field intensity and solar activity (Kovaltsov and Usoskin 2010). For con-venience, the 10Be-14C 

calculations of Kovaltsov and Usoskin (2010) and Kovaltsov et al. (2012) will be called KOV. Results 

of these two sets of calculations are shown as a function of the geo-magnetic field intensity (B, relative 

to the present value) in Figure 2. As can be seen, the predictions of relative 10Be at low geomagnetic 

intensity, as well as the slope of the 14C/10Be production ratio as a function of the geomagnetic field 

intensity are very different for these two theoretical models. This has great consequences on the 

resulting atmospheric 14C amplitude due to weak geomagnetic shielding during the Laschamp 

excursion (see section 4.1). Assuming that solar activity was on average constant during the studied 

period (solar modulation potential  = 550 MV according to the definition of Castagnoli and Lal 1980), 

the sensitivity difference of 10Be and 14C to solar activ-ity as a function of geomagnetic field intensity is 

also taken into account for shorter-term changes (<2000 yr). The difference in the definition of the local 

interstellar spectrum (LIS) used by Masarik and Beer (2009) and KOV (Kovaltsov and Usoskin 2010; 

Kovaltsov et al. 2012) is taken into ac-count using the relation in the appendix of Usoskin et al. (2005). 

We have also shown in Figure 2a the approximation from Elsasser et al. (1956) used by Hoffmann et al. 

(2010) to convert the GLO-PIS-75 geomagnetic intensity record (Laj et al. 2004) into 14C production. 

The consequences of the choice of Hoffmann et al. (2010) on simulated atmospheric ∆14C is discussed 

below in section 2.3. 
 

2.3. Approximation of Hoffmann et al. (2010) 
 

Hoffmann et al. (2010) simulated atmospheric ∆ 14C from 45 to 28 kyr BP with the GLOPIS-75 

geomagnetic intensity record (Laj et al. 2004) as input and found an amplitude of 550‰ which is 

consistent with their 14C measurements from a speleothem. This type of simulation has been previ -

ously done by Laj et al. (2002) or Hughen et al. (2004, 2006) with more simple carbon cycle mod-

els. Unlike Hoffmann et al. (2010), they did not find such a large amplitude. The major difference 

between the simulation of Hoffmann et al. (2010) and the others is not so much the complexity of 

the carbon cycle model employed, but the use of the following approximation 
 

P P0 
1 

M M0     
from Elsasser et al. (1956) (with P the time-varying 14C production rate, P0 the present-day produc-tion 

rate, M the time-varying global geomagnetic intensity, and M0 the present geomagnetic intensi-ty) 

instead of the relationship of Wagner et al. (2000) or Masarik and Beer (2009) (e.g. Figure 2a) for the 

production input. To illustrate this point, we show in Figure 3 how the GLOPIS-75 geomag-netic 

intensity record is converted into relative global 14C production rate using either the Masarik and Beer 

(2009) values (red), the KOV calculations (in green; Kovaltsov et al. 2012), or the Hoff-mann et al. 

(2010) approximation (black). The impact of this approximation can be seen when the geomagnetic 

field intensity is low (curve b in Figure 3). Indeed, the maximum 14C production rate rises by factors of 

2.13 and 2.08 with the Masarik and Beer (2009) and Kovaltsov et al. (2012) for- 



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 (a) Dependence of predicted relative 14C and 10Be global production rate on geomagnetic field intensity for the 

solar modulation parameter  = 550 MV (based on the definition of Castagnoli and Lal 1980). The blue curves are the 

production rates according to Wagner et al. (2000) (Masarik and Beer 1999), the red curves represent the update from 

Masarik and Beer (2009), and the green curves come from the calculations of Kovaltsov and Usoskin (2010) for 10Be and 

Kovaltsov et al. (2012) for 14C. The black curve of 14C global production rate corresponds to the approximation used by 

Hoffmann et al. (2010). (b) 14C/10Be production rate ratio as a function of geomagnetic field intensity according to 

Masarik and Beer (1999) (blue), Masarik and Beer (2009) (red), and the KOV simulation (Kovaltsov and Usoskin 2010; 

Kovaltsov et al. 2012, green). 
 

mulas, respectively, while it increases by a factor of 3.16 with the approximation. Indeed, because 

the geomagnetic intensity was less than 20% of its present value during the Laschamp excursion, 

the use of this approximation for this period (Hoffmann et al. 2010) is not appropriate. We can 

conclude that this approximation has a large effect of amplification on the 14C production rate 

signal, and thus on the simulated atmospheric ∆14C. 
 

We used the three production-rate curves shown in Figure 3 as input to the carbon cycle model 

(presented in section 2.4) in order to see the consequences on modeled atmospheric ∆14C (bottom of 

Figure 3). The difference between the formula employed by Hoffmann et al. (2010) and the others is 

large: around 150‰ compared to Masarik and Beer (2009) or Kovaltsov et al. (2012) formula-tions. 

This means that the 550‰ amplitude found by Hoffmann et al. (2010) is partly an artifact due to this 

approximation, showing the importance of the formulas used to make the conversion from geomagnetic 

intensity into global 14C production rate. In comparison, previous simulations made by Laj et al. (2002) 

or Hughen et al. (2004, 2006), who worked with geomagnetic records, and the Masarik and Beer (1999) 

conversion (very similar to Masarik and Beer (2009) for 14C production, e.g. Figure 2a) as input of their 

model, found an amplitude of ~300‰ and >200‰, respectively for preindustrial conditions (see section 

2.5). This is in good agreement with the amplitude of 290‰ simulated with our carbon cycle model 

using GLOPIS-75 and the equation from Masarik and Beer 



 

  
 

(2009) (see red curve, Figure 3c), showing that our carbon cycle model gives results  coherent with 

previous studies. We note that these results using Masarik and Beer (2009) and KOV calculations 

are smaller than the ∆14C amplitude from IntCal09 of Reimer et al. (2009) (e.g. Figure 7, >450‰). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 (a) GLOPIS-75 record (Laj et al.  
2004). (b) Comparison between converted 14C  
production from GLOPIS-75 record with the  
Hoffmann et al. (2010) approximation (black),  
Masarik and Beer (2009) update (red), and  
Kovaltsov et al. (2012) simulation (green). (c)  
Atmospheric ∆14C obtained from production  
records in (b) with the 12-box model. The dif-  
ferences in amplitude between the Hoffmann  
et al. (2010) approximation and the different  
global 14C production calculations are around  
150‰ with the Masarik and Beer (2009) and  
Kovaltsov et al. (2012) formulations. 

 
 

In addition to the reasons discussed in section 1, the use of 10Be flux records in ice cores has two 

advantages compared to geomagnetic intensity record in sedimentary cores: they have a higher 

resolution allowing the study of solar activity, and there is expected to be less uncertainty in the 

ice accumulation rate compared to that of sediments, and thus a more reliable chronology for 

duration of short-term events such as the Laschamp excursion. 
 

2.4. Description of the Carbon Cycle Model 
 

To investigate the influence of the Laschamp event on atmospheric ∆14C, we used a 10-box ocean 

model (plus an atmosphere box and biosphere box) made with the BoxKit2 program (Paillard 1995) to 

simulate the carbon cycle (Figure 4). This program was already used by Laj et al. (2002) for their model 

with 17 boxes but no biosphere. The advantage of BoxKit2 is its flexibility: it is easy to vary the 

volume and areas of boxes, or the values of fluxes. To build our carbon cycle model, we were inspired 

by PANDORA (Broecker and Peng 1986) and other models (Siegenthaler et al. 1980; Bard et al. 1997; 

Laj et al. 2002; Hughen et al. 2004). There exist several results of global average produc-tion rate for 

10Be and 14C at present conditions (Webber and Higbie [2003]; Kovaltsov and Usoskin [2010] for 10Be; 

Kovaltsov et al. [2012] for 14C; Masarik and Beer [1999, 2009] for both cosmogenic isotopes). Because 

our carbon cycle model is similar to Bard et al. (1997), we have adopted the same global 14C production 

rate value (1.72 at m−2 s−1). Our model was then used to simulate atmospheric ∆14C changes in response 

to changing 14C production during the Laschamp event. We focus on the period between 45,500 and 

37,500 yr BP. A figure with the values of fluxes as well as a table with box volumes and areas are given 

in the Supplementary Material accompanying the online version of this article 

(https://journals.uair.arizona.edu/index.php/radiocarbon/article/view/16478). 



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 Scheme representing our 12-box model (10 ocean boxes + 1 

atmo-sphere and biosphere box). 
 

To examine if our model is coherent with previous studies, we first tested the damping and 

phasing effect of the model, depending on the frequency of production variations, as shown in 

Figure 5. For this, we have used sinusoidal changes of cosmogenic production as a model input. 

The frequencies used run from 5 to 105 yr. The attenuation effect is such that variations in 14C 

production are attenu-ated by a factor of ~100 for decadal cycles, ~20 for centennial scales, and 

~10 for millennial cycles (see top of Figure 5). This is coherent with other models (Delaygue and 

Bard 2011). Note that the atmosphere in the model is well mixed, without separation of the 

troposphere and the stratosphere, which affects the results for periods under 30 yr (Siegenthaler et 

al. 1980). The other effect of the carbon cycle is the delay between atmospheric 14C concentration 

and variations in production, expressed as a phase lag in Figure 5. For example, century-scale 

periodicities are shifted by a few decades (bottom of Figure 5). The phase lag of the model is 

coherent with values presented in De-laygue and Bard (2011). 
 

2.5. Simulations of the Carbon Cycle 
 

With this model, it is possible to have an idea of the impact of the geomagnetic and solar modula-

tions on atmospheric 14C/C. It is interesting to examine effects of changes in the carbon cycle too, 

because the Laschamp excursion occurred during a glacial period but straddled the DO-10 (Dans-

gaard-Oeschger) interstadial. Several simulations were made with different carbon cycle boundary 

conditions. The first one (which we call S1) corresponds to the modern preindustrial boundary 

conditions (light colored curves in Figure 6). The simulation S2 is similar but with the atmosphere 

and terrestrial biosphere reduced to, respectively, 75% and 65% of their preindustrial carbon 

inven-tories (Indermühle et al. 2000; Hughen et al. 2004). The results of this simulation are plain 

colored in Figure 6. For the third simulation (S3), we added a reduction of the North Atlantic Deep 

Water (NADW) fluxes by one-third (Laj et al. 2002; Hughen et al. 2004) to simulate estimated 

glacial conditions (dark colored curves in Figure 6). The system is initialized at an equilibrium 

state before the beginning of the simulation. 



 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5 Simulated attenuation factor (top) and phase  
lag (bottom) of atmospheric ratio 14C/C for sinusoidal  
variations in 14C production, as a function of the period  
of these variations. The attenuation factor is normal-  
ized to the size of the production change. The phase  
lag is calculated as the time lag divided by the period  
and multiplied by 360°.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6 Relative variations in atmospheric 14C content simulated by applying the 10Be-based 14C production fo r (a) EPICA 

Dome C (Antarctica) and (b) Greenland. Light curves correspond to preindustrial conditions (S1), plain curves to  reduced  

carbon inventories of atmosphere and biosphere (S2), and dark curves to glacial conditions (S3 = S2 + re-duction of NADW 

formation). Red and green curves represent atmospheric ∆14C variations using 10Be-14C conversion from Masarik and  Beer 

(2009) and KOV (Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012), respectively. 
 

3. RESULTS FROM 10Be FLUX RECORDS 
 

Here, we discuss ∆14C variations inferred from the 10Be-based production rate, using calculations 

from Masarik and Beer (2009) and the KOV simulation (Kovaltsov and Usoskin 2010; Kovaltsov 



 

 

et al. 2012), with the different scenarios presented in section 2.5. The results are presented in sec-

tion 3.1 for EPICA Dome C (Antarctica) and in section 3.2 for the composite 10Be record from 

Greenland. All graphs are brought together in Figure 6. The results using Masarik and Beer (2009) 

formulas and KOV calculations are in red and green, respectively. Moreover, we compare our re-

sults from assumed glacial conditions (S3) with ∆ 14C from IntCal09 calibration curve in section 

3.3 (Reimer et al. 2009). 
 

3.1. EPICA Dome C 
 

The resulting ∆14C from the EDC input with the calculations of Masarik and Beer (2009) and KOV 

(Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012) are shown in Figure 6a under the different 

scenarios. Concerning the results using Masarik and Beer (2009), atmospheric ∆14C increases by 400‰ 

using the modern case simulation S1 (light red). Applying simulations S2 and S3 (plain and dark red 

curves, see section 2.5) gives relatively minor changes on atmospheric ∆14C (amplitude of 410‰ with 

simulation S2 and 430‰ with simulation S3). Using KOV calculations, we obtain am-plitudes of 

235‰, 250‰, and 260‰ with scenarios S1, S2, and S3, respectively. We can see that the difference in 

sensitivity between the simulations of 10Be and 14C production (see Figure 2; Masarik and Beer 2009; 

Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012) leads to very different results in the modeled 

atmospheric ∆14C from 10Be records (see section 4.1). By contrast, the changes due to the choice of 

parameters of the carbon cycle model do not seem to influence the results greatly. 
 

3.2. Greenland 
 

The results for the Greenland composite record are presented in Figure 6b. Applying the modern 

simulation S1 and Masarik and Beer (2009) formulation, the modeled atmospheric ∆ 14C increases 

by 475‰. With simulations S2 and S3, atmospheric ∆ 14C increases only slightly (+10‰ and 

+35‰ for scenarios S2 and S3, respectively). Using KOV conversion, the variability between the 

three scenarios is lower with amplitudes of 295‰, 310‰, and 320‰. Note that for the same 

scenario and calculation, the amplitudes of atmospheric ∆ 14C obtained with Greenland input are 

higher than with EDC input. 
 

3.3. Comparison with IntCal09 
 

We compare here our results under assumed glacial conditions (S3) with ∆14C from the IntCal09 cal-

ibration curve (Reimer et al. 2009). This comparison is shown in Figure 7. In Figure 7b, simulated ∆14C 

from 10Be EDC (light) and Greenland (dark) records have been shifted by +195‰ in order to make the 

initial conditions similar to the IntCal09 curve. As noted before, results of ∆14C using Ma-sarik and 

Beer (2009) calculations reach a much higher amplitude than those with KOV values. The EDC 

amplitudes are 430‰ and 260‰ (section 3.1), while the amplitudes of ∆14C with Greenland input are 

510‰ and 320‰ (section 3.2) according to the model applied for the conversion. As for ∆14C from the 

IntCal09 curve, it varies ~400‰ between 37.5 and 45.5 kyr BP (Figure 7b). We con-clude that results 

using the Masarik and Beer (2009) conversion with 10Be flux seem to be in better agreement with ∆14C 

amplitude from IntCal09. ∆14C with KOV calculations are much smaller. Sev-eral differences can be 

seen in comparison to the IntCal09 curve. First, ∆14C from IntCal09 is higher on the absolute scale than 

the results obtained from 10Be flux (Figure 7a), especially comparing with results using the KOV 

values. The second peak after the Laschamp excursion (~38.5 kyr BP) on the IntCal09 curve is also 

present in the Greenland output (but delayed) but not on ∆14C from the EDC record. However, the most 

dramatic difference between our calculations and IntCal09 is the much steeper increase at the beginning 

of the Laschamp event. This increase takes ~3000 yr in our cal-culations, and about twice as long in 

IntCal09. This might be explained by a variable carbon cycle not taken into account in our calculations, 

or the uncertainties of 14C calibration during this period. 



 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 Comparison of ∆14C from our simulations with scenario S3 with ∆14C from the IntCal09 and IntCal13 

calibration curves (Reimer et al. 2009, 2013). ∆14C from 10Be records are on their absolute scale in (a) and shifted 

by +195‰ in (b) to focus on the amplitude of the signals. The light and dark curves represent simulated 

atmospheric ∆14C using the EDC and Greenland records, respectively. The red and green curves always symbolize 

∆14C varia-tions using 10Be-14C conversion from Masarik and Beer (2009) and KOV (Kovaltsov and Usoskin 

2010; Kovaltsov et al. 2012), respectively. ∆14C from the IntCal09 and IntCal13 calibration curves (Reimer et al. 

2009, 2013) are shown within their 1-standard deviation envelope (blue and black curves, respectively). 

 
4. DISCUSSION 

 
One of the initial motivations of this study was to see whether the increased sensitivity of cosmo-

genic isotope production to solar modulation during periods of low geomagnetic intensity could 

lead to significant fluctuations of 14C during the Laschamp event. As can be seen in Figures 6–8 

and the simulated calibration curve (Figure S2), while there are fluctuations as large as 30‰, and 

predicted reversals over a period of several hundred years, these effects are not dramatic. This is 

due to the strong damping effect of the carbon cycle on centennial production variations. 
 

The results obtained with the help of our simple box model and presented in section 3 confirm sev-eral 

points: (i) the changes of boundary conditions on the carbon cycle do not significantly influence the 

resulting amplitudes of ∆14C; (ii) for the same scenario and calculation, the ∆14C amplitude from EDC is 

lower than the one from the composite Greenland record (between 60‰ and 80‰ of dif-ference), due 

perhaps to the aspects discussed in section 2.1; and (iii) the formula used for 10Be-14C conversion has 

huge consequences on simulated ∆14C (see section 4.1). We will thus focus on this last aspect, 

especially the difference between cosmogenic isotope productions simulated by Masarik and Beer 

(1999), their update of 2009, and the KOV model (Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012). 

The possible uncertainties due to carbon cycle changes will also be discussed. 
 

4.1. Sensitivity of 10Be-14C Conversion 
 

The conversion of 10Be (or geomagnetic paleointensity) into 14C is certainly the most important point in 

atmospheric 14C modeling (as shown in section 2.3). Different formulations of global 10Be and 14C 

production rate as a function of geomagnetic field intensity are presented in Figure 2a. For the 

geomagnetic intensity B = 0 (and the solar modulation  = 550 MV), global 10Be production rates are 

equal to 2.07, 1.88, and 2.7 (relative to the present level) with the simulation of Masarik and Beer 



 

 

(1999), their update of 2009, and Kovaltsov and Usoskin (2010) calculations, respectively. KOV 

calculations show a considerably stronger dependence for 10Be production on the geomagnetic 

field intensity than Masarik and Beer (1999, 2009). Global 14C production rates reach values of 

2.38, 2.38, and 2.2, respectively (Kovaltsov et al. 2012 for the last value). Focusing on the 

variations of 14C/10Be global production rate ratio as a function of geomagnetic field intensity 

(Figure 2b), one may notice that (i) the 14C/10Be ratio from KOV (Kovaltsov and Usoskin 2010; 

Kovaltsov et al. 2012) is clearly lower (by a factor of 2) than the two others (see their respective 

articles for the absolute value of 10Be and 14C) and (ii) the slopes of 14C/10Be ratios of Masarik and 

Beer (1999, 2009) and KOV (Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012) calculations are 

very differ-ent. From B = 1 to B = 0, the 14C/10Be production rate increases by 15% with the 

Masarik and Beer (1999) simulation, by 26% with their 2009 update, and remains constant with 

the KOV calculations (Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012), except for B < 0.1, 

where it decreases. This last point has strong consequence on simulated ∆ 14C, as shown in Figures 

6–8. According to J Beer (personal communication), it is the lower-energy threshold for the 

production of 14C that results in the dependence of the 14C/10Be production ratio with geomagnetic 

field intensity. This seems intuitively reasonable to us. According to I Usoskin (personal 

communication), this difference in threshold does not lead to such dependence.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8 Atmospheric ∆14C simulated under glacial conditions using both production formulations (red: Masarik and   
Beer 2009; green: Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012) with the EDC (left) and Greenland input (right).  
∆14C using GLOPIS-75 (Laj et al. 2004) under glacial conditions is also shown (blue). 

 
Comparing the amplitudes of ∆14C obtained with both calculations (Masarik and Beer [2009], and 

KOV [Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012]) under glacial conditions (S3), we ob-

tain values of 430‰ and 260‰ for EDC (left graph of Figure 8). For the Greenland input, the 

resulting amplitudes are 510‰ and 320‰, respectively (right graph of Figure 8). The discrepancy 

on ∆14C amplitude between the two calculations is huge (approximately a factor of 1.6). We point 

out that the use of one or the other production calculation for the 10Be-14C conversion leads to a 

different interpretation of the results during periods of weak geomagnetic shielding. To remedy 

this situation, it will be necessary to clarify the relative dependence of 10Be production as a 

function of geomagnetic field intensity. 



 

  
 

In contrast to 14C/10Be, the relative dependence of 14C production on geomagnetic intensity given by 

Masarik and Beer (2009) and KOV (Kovaltsov et al. 2012) is virtually identical (Figure 2a). This 

implies that if one assumes the same initial production rate, the two models predict the same 14C 

response to the Laschamp event, as seen in Figure 3. In Figure 8, we show this response (blue curve) 

using the same assumed glacial conditions (scenario S3) as used in Figures 6 and 7, and the geomag-

netic field intensity given by GLOPIS-75. One can note several differences compared to that found 

using 10Be. Most obvious is the absence of the fine structure because the geomagnetic field input lacks 

the solar modulation variations. Also, because the GLOPIS-75 record of the Laschamp event is 

significantly shorter than that recorded by 10Be (Figure 1), the resulting 14C peak is narrower than that 

found using 10Be. Finally, as far as amplitude, that found using GLOPIS-75 is midway between the 

Masarik and Beer (2009) and KOV results using the 10Be input from EDC, while in very good 

agreement with KOV using 10Be input from Greenland (Figure 8). 
 

4.2. Carbon Cycle Uncertainties 
 

The conversion of 10Be into 14C is not the only uncertainty of the method we have used. Our lack 

of knowledge about past changes of the carbon cycle brings also some uncertainties. Indeed, 

because the Laschamp excursion straddles D-O 10 (Yiou et al. 1997; Raisbeck et al. 2007) 41,000 
yr ago, the carbon cycle has probably changed during this period, a potential cause of differences 

between measurements and simulations. For example, in our model it is assumed that oceanic 

circulation is constant during the experiment between 37.5 and 45.5 kyr BP. In reality, however, 
rapid varia-tions of temperature happened, as shown by ice-core records (EPICA 2006), probably 

leading to changes of oceanic circulation and biosphere (and thus carbon cycle). These changes 
coupled with the Laschamp excursion could modify the 14C/C ratio in the atmosphere. Moreover, 

we began the simulation with a carbon cycle at equilibrium. Depending how the climate (CO2) 

changed several thousand years before the period studied, it could influence the resulting 
atmospheric 14C (release of carbon trapped into deep ocean, for example). An ongoing work with 

a more sophisticated dy-namical carbon cycle model will focus on the climatic aspects linked to 

concentration of CO2 and ocean dynamics. 
 

5. CONCLUSION 
 

Because of their high resolution with a significant structure, 10Be records from EDC and Greenland 

(GRIP and NGRIP) ice cores are good candidates to study production effects on the amplitude of 

atmospheric 14C during the Laschamp geomagnetic event. Both production calculations from Ma-sarik 

and Beer (2009) and KOV (Kovaltsov and Usoskin 2010; Kovaltsov et al. 2012) have been used for the 

10Be-14C conversion, leading to discrepant results. Indeed, atmospheric ∆14C amplitude is different by a 

factor of 1.6 according to the production calculations applied for the 10Be-14C con-version. Therefore, 

one must be careful when choosing a production formulation for studying 14C production variations 

during periods of very low geomagnetic field intensity, such as the Laschamp excursion, using 10Be 

data. Moreover, we point out the inappropriate use of the approximation from Elsasser et al. (1956) by 

Hoffmann et al. (2010) for conversion of geomagnetic field intensity into 14C production. It results in a 

stronger amplitude of atmospheric ∆14C during periods of weak geo-magnetic shielding (as the 

Laschamp event) compared to model calculations. 
 

Because of the simultaneity of the Laschamp excursion with D-O event 10 and variations of CO2 

concentration in the atmosphere before the studied period, possible climate effects should be an-

alyzed with the help of a dynamical model. Improved understanding of carbon cycle during the 

glacial period is required, too. 
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4. Note added in proof: When this manuscript was submitted, and accepted, the most recent calibration curve available was 

IntCal09. In the intervening time period, IntCal13 has been published. We have therefore added this new curve in Figures 7 

and S2. The main differences are (i) the amplitude of 14C at the time of the Laschamp event is significantly reduced and is 

now in better agreement with modeled results, especially those using the KOV calculations; (ii) the slope of the 14C rise at 

the beginning of the Laschamp event is considerably steeper, and in better agreement with the 10Be-based modeled data. 

Thus, the improved agreement of the modeled 14C with that based on 10Be suggests that IntCal13 is indeed an improvement 

over IntCal09 in the time period around the Laschamp event. 



 


