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Abstract

A pure physical model for the simulation of cosmic ray particle interactions with the EarthÕs atmosphere was used to

investigate the e�ects of a changing geomagnetic ®eld on the production rates of cosmogenic nuclides. Analytical de-

pendencies of the production rates of 3H, 7Be, 10Be, 14C and 36Cl on geomagnetic ®eld intensity were developed. Ap-

plying those relations to the 10Be and 36Cl ¯uxes measured in the GRIP ice core, the geomagnetic ®eld intensity for the

period between 20 and 60 kyr BP was reconstructed. Comparison with remnant magnetism records from marine

sediment cores shows excellent agreement. This validates the use of cosmogenic nuclides in ice cores to reconstruct

geomagnetic ®eld variations. Ó 2000 Elsevier Science B.V. All rights reserved.

Keywords: 10Be and 36Cl production rate; GRIP ice core; Paleogeomagnetic ®eld

1. Introduction

The interaction of cosmic ray particles with the
EarthÕs atmosphere leads to the production of a
variety of cosmogenic nuclides. These cosmogenic
nuclides have a wide range of applications in
dating and tracing various events and processes in
the environment. For most applications, it is very
important to know the temporal variations of
nuclide production rates in the past.

Several related factors can cause changes in
the production rates of cosmogenic nuclides in the
EarthÕs atmosphere. They include changes in the
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galactic cosmic ray particle ¯ux, changes in solar
activity and variations in shielding by the EarthÕs
magnetic ®eld. It is often impossible to separate
these di�erent contributions in the observed vari-
ability of measured nuclide abundances. Very little
is known about the variation of the galactic cosmic
ray ¯ux. Changes in solar modulation are also
poorly known, except those related to the 11-yr
Schwabe cycle. It is, therefore, di�cult to establish
the extent to which those two processes a�ect the
production rate. However, there is evidence that
on longer time scales, production rate variations
are mainly caused by solar and geomagnetic
modulation [1]. Nuclide concentrations in lunar
samples indicate that the galactic cosmic ray ¯ux,
averaged over millions of years was constant
within 20% [2].

As both galactic and solar cosmic rays consist
mainly of charged particles, a large fraction of
them is de¯ected by the EarthÕs magnetic ®eld.
Changes in the ®eld intensity, therefore, control
the fraction of the cosmic ray particles that enter
the EarthÕs atmosphere and consequently the
production rate of cosmogenic nuclides. Several
studies employing LalÕs relation between geomag-
netic ®eld intensity and production rate [3] were
devoted to the investigation of geomagnetic ®eld
modulation of cosmogenic nuclide production
rates in the atmosphere. Due to the lack of a
precise knowledge of the geomagnetic ®eld inten-
sity in the past, the results obtained often agree
only qualitatively [4,5]. A few recent papers dealt
with this problem employing the McElhinny and
Senanayake [6] data for the past 10 kyr and Tric
et al. [7], Meynadier et al. [8], Guyodo and Valet
[9] for older times. The investigated nuclides in-
clude 14C [10,11], 36Cl [12,13] and 10Be [14,15].

We report here on the investigations of the
in¯uence of geomagnetic ®eld intensity changes
on the production of cosmogenic nuclides in
the EarthÕs atmosphere. They are based on a
new relationship between production rate and
®eld intensity obtained from a Monte Carlo
simulation of the production processes involved.
36Cl and 10Be data from the GRIP ice core are
interpreted in terms of geomagnetic ®eld in-
tensity variations using obtained model depen-
dencies.

2. Model calculations

Our model for the simulation of the interaction
of primary and secondary cosmic ray particles
with matter is based on the GEANT [16] and
MCNP [17] codes. As this code system is described
in detail elsewhere [18], we repeat here only its
main features, which are relevant for the present
study. In our simulations, only primary protons
with energies between 10 MeV and 100 GeV were
considered. The characteristic feature of the par-
ticle interactions at these energies is the production
of a cascade of secondary particles. For these
calculations, the Earth's atmosphere was modeled
as a spherical shell with an inner radius of 6378 km
and a thickness of 100 km. The following ele-
mental composition (in weight %) was used: 75%
N, 23.2% O and 1.3% Ar. The atmospheric shell
was divided into 34 subshells to account for the
change in the atmospheric density. The total
thickness of the atmosphere was 1033 g cmÿ2.

The production rate of a cosmogenic nuclide j
at depth D is

Pj�D� �
X

i

Ni

X
k

Z 1

0

rijk�Ek�Jk�Ek;D�dEk; �1�

where Ni is the number of atoms of a target ele-
ment i per kg material in the sample, rijk(Ek) the
cross-section for the production of the cosmogenic
nuclide j from the target element i by particles of
type k with energy Ek, and Jk�Ek;D� is the ¯ux of
particles of type k with energy Ek at depth D inside
the Earth's atmosphere. The particle ¯uxes
Jk�Ek;D� were calculated with the GEANT/MCNP
code system. The statistical errors of the calcula-
tions were on the level of 4±6%. The systematic
uncertainties of our calculated ¯uxes are estimated
to be in the range of 5±10% for depths less than
400 g cmÿ2 and increase with depth in the atmo-
sphere. For the cross-sections rijk, we relied on the
values evaluated and tested in earlier calculations
[19,20] and updated with new values from recent
experiments [21±24]. In this paper, we present only
the production rates originating from the interac-
tions of galactic cosmic rays. Their ¯ux varies in
time. The dominant source of the variations is the
solar and geomagnetic modulation. The solar

598 G. Wagner et al. / Nucl. Instr. and Meth. in Phys. Res. B 172 (2000) 597±604



modulation is taken into account in the expression
for the di�erential primary GCR proton ¯ux [21].
Solar cosmic ray particles produce cosmogenic
nuclides only at shallow depths in the atmosphere
and at high latitude, where the geomagnetic ®eld
does not prevent them from entering the atmo-
sphere [21]. The integral ¯ux of protons with en-
ergies above 10 MeV used in these simulations is
4.56 nucleons cmÿ2 sÿ1. This value corresponds to
the modulation parameter /� 550 MeV, which is
identical with the long-term average value deter-
mined from the cosmogenic nuclide data in lunar
samples [19].

3. Geomagnetic modulation of the cosmogenic
nuclide production

The magnetic ®eld of the Earth de¯ects in-
coming cosmic ray particles depending on their
magnetic rigidity R and the angle of incidence. The
rigidity of a particle is de®ned as the momentum
per unit charge R� pc/Ze, where p is the momen-
tum, Ze the charge of the particle and c is the

velocity of light. For each angle of incidence, there
is a critical rigidity below which the incoming
particle cannot reach the EarthÕs atmosphere.

We used the world grid of calculated cosmic ray
vertical cut-o� rigidities for the year 1980 [25] to
determine the non-vertical cut-o�s. Paleomagnetic
data show that the geomagnetic ®eld intensity has
varied from almost zero to about two times of its
current value [9,26] during the last 200 kyr. To
cover this whole range of geomagnetic ®eld in-
tensities in our calculations, we varied its value
from zero to two times of its present value in steps
of 0.25. The shape of the ®eld was ®xed in all our
simulations.

The latitudinal dependence of the depth inte-
grated 10Be production rate on the geomagnetic
®eld intensity for an average solar modulation
/� 550 MeV is presented in Fig. 1. Similar pro-
duction rate patterns hold for all investigated
nuclides and for all values of the solar modulation
parameter /. The di�erence between the highest
depth integrated production rate (latitude range
60±90°) and the lowest production rate (latitude
range 0±10° and ®eld intensity two times of its

Fig. 1. Dependence of 10Be production rate on latitude and geomagnetic ®eld intensity for the long-term average solar modulation

parameter /� 550 MeV.
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current value) is about a factor of 8 for spallogenic
nuclides and a factor of 9 for 14C.

The global average production rates for the
present ®eld intensity and modulation parameter
/� 550 MeV are 0.281, 0.0354, 0.0184, 2.02 and
0.00188 atoms cmÿ2 sÿ1 for 3H, 7Be, 10Be, 14C and
36Cl, respectively. Fig. 2 shows the calculated
production rates of 10Be and 36Cl as a function of
the geomagnetic ®eld intensity B for the solar
modulation parameter /� 550 MeV. The depen-
dence j of production rates of all investigated
nuclides on geomagnetic ®eld intensity B can be
®tted by a polynomial of ®fth degree Pj�B� �
aj � bj � B � cj � B2 � dj � B3 � ej � B4 � fj � B5:
The coe�cients a, b, c, d, e and f are summarized
in Table 1 for 10Be, 14C and 36Cl. The absolute
values of the coe�cients depend on the nuclide,
but the ratios of the production rates of spallo-
genic nuclides such as 7Be, 10Be and 36Cl are,
within the statistical errors of the calculations,
independent of solar modulation and geomagnetic

®eld intensity. The ratios are 9.8 for 10Be/36Cl and
1.9 for 7Be/10Be.

4. Geomagnetic modulation of the 10Be and 36Cl ¯ux

in the summit GRIP ice core and derivation of the

geomagnetic ®eld from the 10Be and 36Cl ¯ux

As the agreement of calculated and measured
nucleon ¯uxes in the EarthÕs atmosphere is rea-
sonable (for compared latitudes and altitudes,
¯uxes di�er not more than 7%) [18], we used our
model to investigate the relationship between
the variability of the 10Be and 36Cl data from the
Summit GRIP ice core and past changes in the
geomagnetic ®eld. 1350 10Be and 1080 36Cl mea-
surements were performed on ice samples provid-
ing excellent data sets with a high temporal
resolution for the last 100 kyr [27,28]. The 10Be
measurements were carried out in a joint project
between Raisbeck and Yiou (Paris) and our group,
whereas the 36Cl measurements were all made by
our group in Z�urich.

The decay corrected 10Be and 36Cl concentra-
tions in an ice core are the result of the interplay
between three processes: production, transport
and deposition. As our model predicts only the
production rate of 10Be and 36Cl, we tried to
eliminate the in¯uence of the two other processes
by converting radionuclide concentrations into
¯uxes [12]. At least for the marine isotope stages 3
(MIS-3), our method seems to work. The low
correlation between the 10Be and 36Cl ¯uxes and
the snow accumulation rate (r2 6 4% for MIS-3)
indicates that a possible deposition e�ect was
successfully eliminated (Table 2) [29,30]. Similarly,
a transport e�ect caused by changes in the air mass
changes should also be eliminated, because the
¯uxes of 10Be and 36Cl are almost independent of

Fig. 2. Dependence of relative 10Be and 36Cl global average

production rate on geomagnetic ®eld intensity for the long-term

average solar modulation parameter /� 550 MeV.

Table 1

Coe�cients of ®fth degree polynomial describing the dependence of cosmogenic nuclide production rate on geomagnetic ®eld intensitya

Nuclide a b c d e f

10Be 2.07 )2.649 2.838 )1.741 0.549 )0.069
14C 2.381 )2.644 1.852 )0.738 0.17 )0.02
36Cl 2.111 )2.813 3.166 )2.089 0.725 )0.102

a The 10Be, 14C and 36Cl production rates are normalized to the present ®eld intensity and the solar modulation parameter 550 MeV.
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the mid- to low-latitude circulation index (MLCI)
and the polar circulation index (PCI) (r2 6 1% for
MIS-3) Table 3, Fig. 3 [31]. The decay corrected
10Be/36Cl-ratios shown in Fig. 3 and Table 3, being
only a function of atmospheric transport and
therefore an index for transport changes of the
radionuclides 10Be and 36Cl, are also almost inde-
pendent of the MLCI and PCI during MIS-3
(Table 3, Fig. 3). Tables 2 and 3 show that only
during the MIS-3, the ¯uxes of 10Be and 36Cl
seem to be independent (r2 6 4%) of atmospheric
transport and deposition. Therefore, only in this
time period, the 10Be and 36Cl ¯uxes are controlled
predominantly by the production. In consequence,
we restrict the reconstruction of the geomagnetic
®eld to this time interval (MIS-3). Earlier, NRM
and 10Be derived geomagnetic paleointensity data,
deduced from ocean sediments over the last
200 kyr, are perhaps not free of climatic in¯uences
[32].

To reconstruct the geomagnetic ®eld from the
10Be and 36Cl ¯uxes, we assume that the 10Be and
36Cl ¯uxes at the Summit during the MIS-3 are
linearly related to their average global production
rate. Justi®cation for this assumption is based on
the characteristics of its geographical location,
since Central Greenland receives a substantial part
of its precipitation from lower latitudes [33] and
many chemical species found in the ice originate
from source regions in North America or Europe
[31].

The combined 10Be and 36Cl ¯ux for the last ice
age (17.5±100 kyr BP) is shown in Fig. 3(a). Also
shown are the individual 10Be and 36Cl ¯uxes in
Fig. 3(b). The graphs in Fig. 3(c) and (d) show the
10Be/36Cl ratios and MLCI. The combined 10Be
and 36Cl ¯ux data presented in Fig. 3(a) were ob-
tained applying the following procedures. 10Be and
36Cl ¯ux data were independently, linearly inter-
polated using a time step of 100 yr, low pass
®ltered (cut-o� frequency� 1/3000 yrÿ1), and
normalized to their mean value during the time
interval between 17.5 and 100 kyr BP. The nor-
malized 10Be and 36Cl ¯uxes were arithmetically
averaged. The averaging of 10Be and 36Cl was ap-
plied to eliminate small transport e�ects in¯uenc-
ing the measured concentrations of particular
nuclides. This approach is justi®ed by results of
model simulations (see previous part), which
showed the 10Be/36Cl ratio to be independent of
geomagnetic ®eld intensity. A comparison between
the measured and the calculated 10Be/36Cl ratio
reveals a factor 2.5. There are several hypotheses,
but no ®nal answer yet for this discrepancy.
However, for our purpose, the crucial point is that

Table 3

Shared variance (correlation coe�cients r in square) between the 10Be ¯ux, the 36Cl ¯ux, the 10Be/36Cl (decay corrected) on the one

hand, and the MLCI and PCI on the other hand, during the di�erent MIS stages of the last 100 kyr BPa

r2 (MLCI,
10Be/36Cl) (%)

r2 (MLCI,
10Be) (%)

r2 (MLCI,
36Cl) (%)

r2 (PCI,
10Be/36Cl) (%)

r2 (PCI,
10Be) (%)

r2 (PCI,
36Cl) (%)

MIS-1 34 4 23 1.7 2.3 3.6

MIS-2 0.36 0.01 2 2 0.5 0.04

MIS-3 0.04 0.09 0.09 0.36 0.04 1

MIS-4 2 10 5.3 18.5 4 0.5

MIS-5(a±c) 7.3 23 4 4 6.3 1

a Only during MIS-3 the shared variances are less than or equal to 1%.

Table 2

Shared variance (correlation coe�cients r in square) between

the 10Be-¯ux, the 36Cl-¯ux, on the one hand, and the accumu-

lation rate on the other hand, during the di�erent MIS stages of

the last 100 kyr BP

r2 (Acc., 10Be ¯ux)

(%)

r2 (Acc., 36Cl ¯ux)

(%)

MIS-1 2.2 1

MIS-2 14 8.4

MIS-3 1.4 4

MIS-4 2.9 29

MIS-

5(a±c)

40 9
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we are only making use of the ¯ux changes, which
are very similar for 10Be and 36Cl (Fig. 3(b)). A
constant o�set is removed when normalizing the
data. The uncertainty of the resulting averaged
10Be plus 36Cl ¯ux is the S.D. of the arithmetic
mean value. In cases when this S.D. is smaller than
the error calculated by error propagation, we
choose the latter error. The error of the interpo-
lated 10Be ¯ux is estimated to be 7% and the one of
the interpolated 36Cl ¯ux 8%, respectively. These
are the mean errors of the accelerator mass
spectrometry (AMS) analyses.

Fig. 4 shows the geomagnetic ®eld intensity
during MIS-3, reconstructed from the combined
10Be and 36Cl ¯ux in the GRIP ice core. The
shaded area indicates the uncertainty in the cal-

Fig. 3. (a) Averaged 10Be plus 36Cl ¯ux calculated from the measured 10Be and 36Cl concentrations in GRIP ice core as a function of

time. (b) 10Be plus 36Cl ¯ux as a function of time [29]. (c) Decay-corrected 10Be/36Cl ratio as a function of time. (d) MLCI as a function

of time.

Fig. 4. Geomagnetic ®eld intensity as reconstructed from the

Mediterranean sea sediments [7] and as calculated from our

averaged 10Be plus 36Cl ¯ux data.
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culated ®eld intensity. Also shown is the ®eld
measured on a Mediterranean sediment core [7].
The correlation between the geomagnetic ®eld
intensities obtained from these two independent
reconstructions is very high (r2� 70%). For com-
parison, we chose the reconstructed magnetic ®eld
from the Mediterranean sediment [7], because of
its high time resolution and its good agreement
with the stacked magnetic ®eld curve, recon-
structed by 18 di�erent ocean sediment cores [9].
Since the two records are based on independent
but uncalibrated time scales, we adjusted arbi-
trarily the sediment time scale to match the one of
the GRIP ice core [29] (Fig. 5). The maximum age
shift is about 11%. This is still within the uncer-
tainties of the original time scales. In our calcula-
tion of the geomagnetic ®eld intensity, the
combined 10Be and 36Cl ¯ux was normalized in
such a way, that for the minimum of the calcu-
lated geomagnetic ®eld intensity at about 40
kyr BP (Laschamp event) a value of 10% of its
current value is assumed. The normalization is
supported also by new data from the Atlantic
ocean [34].

In comparison with other methods, the recon-
struction of the geomagnetic ®eld intensity based
on 10Be and 36Cl concentrations in ice cores has
two advantages. Firstly, it is sensitive mainly to the
dominant dipole moment, because the shielding
e�ect of the non-dipolar moments decreases faster

with increasing distance from the Earth. Secondly,
the radioisotope technique is especially sensitive to
variations of weak ®elds, because the weaker the
®eld, the stronger the production e�ect for a ®eld
change (Fig. 2).

5. Conclusions

In the recent past, the number of applications
of cosmogenic nuclides has steadily increased
[11]. However, to make full use of their poten-
tial, a quantitative understanding of their pro-
duction processes is necessary. With a new model
using the particle production and transport sim-
ulation codes GEANT and MCNP, it is now
possible to calculate not only the mean global
production rates but also their spatial and tem-
poral variations. Based on this model, the de-
pendence of the production rate of cosmogenic
nuclides in the EarthÕs atmosphere on solar
modulation and geomagnetic ®eld intensity was
derived.

The 10Be and the 36Cl records from the GRIP
ice core have been interpreted in terms of
changes of the geomagnetic dipole moment.
Strong changes of the paleogeomagnetic ®eld
intensity, found by paleomagnetic studies such as
the Laschamps event [7±9] are re¯ected by a
substantial increase of the 10Be and 36Cl pro-
duction rate. Taking the measured, low pass ®l-
tered 10Be and 36Cl concentrations in the Summit
GRIP ice core, calculating the combined 10Be
and 36Cl ¯ux, assuming that the geomagnetic
®eld intensity of the Laschamp event was 10% of
its current value, and using our model calcula-
tions, the intensity of the geomagnetic ®eld in the
past is determined. To minimize climatic and
atmospheric transport e�ects, the investigations
were restricted to time periods, in which the 10Be
and the 36Cl ¯ux are most probably independent
of the air mass circulation and of the accumu-
lation rate. These results, together with a similar
reconstruction based on 10Be in globally stacked
deep sea sediments [15] validate the cosmogenic
nuclides as a new independent tool for the re-
construction of the geomagnetic ®eld intensity in
the past.

Fig. 5. Illustration of time scale shifting employed to match the

two records presented in Fig. 4.
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