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Abstract: Cosmic rays originate from different places within the Universe. On their way
through the interplanetary medium these particles are modulated by the solar activity and
the Earth’s magnetic field. The evolving secondary particle cascade consists among others of
protons and neutrons which lead to the production of cosmogenic radionuclides, a production
anti-correlated to the solar activity. Here we present an almost self-consistent model chain
describing the production of the cosmogenic radionuclides 10Be, 14C and 36Cl, taking into
account the solar modulation as well as the propagation in the magneto- and atmosphere.
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1 Introduction
GCRs are modulated as they enter the heliosphere.
During times of low solar magnetic activity this
helio-magnetic modulation is weaker than during
solar maximum conditions. Thus, during phases
of low solar activity much higher particle intensi-
ties occur inside the heliosphere. Particles arriv-
ing at the Earth’s vicinity additionally encounter
the terrestrial magnetic field which shields the
atmosphere from low energetic primary charged
particles. Only if their rigidity exceeds the local
cutoff value RC (see e.g. [1]) these particles are
able to enter the terrestrial atmosphere and to
interact with the atmospheric environment. While
lower energetic particles lose energy mainly due
to ionization processes in the upper atmosphere
the interaction of high-energetic primary parti-
cles leads to the evolution of altitude-dependent
secondary particle cascades consisting mainly
of secondary muons, neutrons and protons, with
the latter two being mainly responsible for the
production of 10Be, 14C and 36Cl. As a result of
the direct relationship between the production
rate and the primary particle intensity on top of
the atmosphere more cosmogenic radionuclides
are produced during solar minimum conditions.
Since cosmogenic radionuclides are stored in nat-
ural archives like ice sheets (10Be, and 36Cl), tree
rings (14C) or sediments (10Be) information of
past solar and geomagnetic conditions are well
preserved. However, once cosmogenic radionu-
clides are produced they become subject of com-
plex atmospheric mixing and transport processes.
While 10Be and 36Cl become attached to aerosols

and are removed from the atmosphere by precip-
itation, 14C forms CO2 and enters the carbone
cycle (see e.g. [2]). Some of these cosmogenic ra-
dionuclides are stored in natural archives, where
they preserve information about their production
and transport. General global circulation models
show that cosmogenic radionuclides are rather
well mixed in the atmosphere (see [3]). As a result
the signal stored e.g. in the Antarctic ice contains
information of the mean global production rate.
Thus, in this study all cosmogenic radionuclides
are assumed to be globally mixed.

Here we will introduce the physical background
of the production of cosmogenic radionuclides
as well as present the process of modeling the
global production rates for 14C, 10Be and 36Cl
for an almost self-consitent model chain by using
the simulation code PLANETOCOSMICS ([4]).
In addition we will reconstruct the global 14C
production during the Holocene on the base of
the paleomagnetic field reconstructions by [5]
and [6].

2 The Production of Cosmogenic
Radionuclides

Cosmogenic Radionuclides are the product of an
interaction of CRs with the atmospheric gases
Oxygen, Nitrogen and Argon. Assuming a con-
stant intensity of the Local Interstellar Spectrum
(LIS) outside the heliosphere for the Holocene
GCRs are modulated only by solar activity as
well as the geomagnetic field.
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Figure 1: The global mean production rates of 14C (left panel), 10Be (middle panel) and 36Cl (right
panel) as function of the solar modulation parameter φ together with the results of other groups as
indicated by the different symbols.

The production rate Pj of a specific cosmogenic
radionuclide of type j during a certain solar mod-
ulation phase (φ ), at a specific location (RC) and
a given atmosheric depth (x) can be computed by

Pj(φ ,RC,x) = ∑
i

Ni ∑
k

∫
∞

EC

σi jk(Ek) · Jk(φ ,RC,x,Ek)dEk, (1)

where N represents the density of the target atom
of species i and σi jk gives the cross sections for
the production of the cosmogenic radionuclide
of type j, while Ek gives the energy of the sec-
ondary particle of type k (neutrons or protons)
and Jk(Ek,x) represents the atmospheric depth
as well as energy-dependent secondary particle
fluxes of type k.

Interactions of the primary particles with the sur-
rounding atmospheric atoms are simulated us-
ing the GEANT4 Monte-Carlo software, version
4.9.1 (see [7] for further information), as well as
the PLANETOCOSMICS simulation tool ([4]).
In order to generalize the results as well as to
derive the yield and response functions for the
production of cosmogenic radionuclides the com-
putations are performed for primary particles in
logarithmically equally binned energy intervals
between 100 MeV and 10 TeV. Note that, in con-
trast to other approaches here the influences of
primary hydrogen and helium particles are inves-
tigated separately. Primary protons and alpha par-
ticles with energies below 100 MeV are neglected
because they contribute less than 0.1% to e.g. the
total 10Be production rate (see [8]).

The resulting global production rates obtained by
an integration of Eq. (1) over x are displayed for
10Be, 14C and 36Cl in the panels of Fig. 1. Also
shown are computed and measured results of
other groups for a solar modulation parameter of
φ=550 MeV, revealing a strong variation between
the different approaches. However, our results
are in good agreement with other model results.

In case of, e.g., 14C a good agreement with the
results by [9] and [10] can be found.

3 Global 14C Production During the
Holocene

Over the past 11,500 years the Earth has been
under ”interglacial” conditions, a time also re-
ferred to as the Holocene. The Holocene is char-
acterized by climate conditions which are rela-
tively stable compared to the last glacial period
(110,000 - 11,000 BP) affecting 10Be and 14C
by large changes in the precipitation rates and
ocean circulation, respectively. Over the past
one million years the Earth has been in ice ages
(glacial conditions) which are intercepted by the
interglacials every 100,000 years (see e.g. [11]).
However, different from the Grand Solar Minima
being caused by changes of the solar activity the
ice ages occur due to long-term cyclic changes of
the Earth’s orbit.

In the following we will present the reconstruc-
tion of the global 14C production rate during the
past 9,450 years. Note that thereby 0 BP refers to
the year 1950.

In order to compute the global 14C production
rate throughout the Holocene the solar modu-
lation parameter φ as well as the geomagnetic
field strength B0 have to be taken into account.
Using relative 10Be and 14C measurements [12]
recently computed a new set of solar modulation
parameter values throughout the Holocene based
on the computations by [13] as displayed in the
left panel of Fig. 2 (black line). Note that during
several times the modulation value is below 0
and therewith non-physical. However, because
[12] used a different LIS model we converted the
given φ values according to the LIS-dependent
conversion equations by [15] (light blue curve).

Another important parameter for the study of the
global production rates during the Holocene is
the time-dependent magnetic field strength. Out
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Figure 2: Left panel: The solar modulation parameter φ (black solid line) during the Holocene
reconstructed by [12]. In addition the conversion to the LIS by [14] using the conversion equations by
[15] are represented by the light blue line. Right panel: The reconstructed geomagnetic field strengths
by [5] (black line and band) compared with the most recent one by [6] (red dashed line) for the time
period between 9400 BP to 0 BP.
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Figure 3: The reconstructed global 14C production rates for the magnetic field reconstructions by [5]
(black line and band) and [6] (filled black dots). Gray intervals reflect periods of large discrepancies
between the two geomagnetic field reconstructions.

of the few reconstructions we used the two most
recent ones by [5] and [6]. A comparison of the
temporal evolution of both reconstructions is dis-
played relative to present values in the right panel
of Fig. 2. Here the black solid line and the light
blue uncertainty band represent the mean values
reconstructed by [5] whereas the red dashed curve
displays the results by [6], revealing significant
differences between the two reconstructions dur-
ing three periodes: 8,750 BP to 6,250 BP, 3,500
BP to 1,000 BP and 500 BP to 0 BP. During the
other times the mean geomagnetic field strengths

agree within their uncertainties. Note that during
most of the time the values by [6] are systemati-
cally lower than the values by [5], indicating that
their use will lead to generally higher production
rates.

The corresponding reconstructed global 14C pro-
duction rates are shown in Fig. 3. The results
for the mean magnetic field strengths by [5] are
displayed as black solid line with the blue band
indicating the uncertainties. The results based
on the geomagnetic field data by [6] are given
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as black dots. For both geomagnetic records the
computed global mean production rates reveal a)
multiple spike-like production increases which,
as mentioned previously, are related to drops in
the solar modulation parameter φ and thus to the
solar activity, and b) the production rates based
on the geomagnetic field strength values by [6]
indeed are higher than those based on the values
of [5].

4 Summary and Conclusions
We computed the global 10Be, 14C and 36Cl using
an almost self-cosistent model chain including
simulations of the interaction of cosmic ray par-
ticles with the geomagetic field as well as with
the atmosphere. A good agreement between our
computations and other model results was found.
Furthermore, in a second step we computed the
global 14C production rate over the past 9400
years by taking into account the paleomagnetic
field reconstructions by [5] and [6]. Our calcula-
tions show that the choice of the paleomagnetic
field is critical, revealing differences of up to 25%
between the two examples.

However, as we pointed out recently (see [15]
and [16]) two other parameter may play an even
more important role for the reconstruction of the
global cosmogenic radionuclide production rates
over such long time periods:

a) the reconstructed solar modulation param-
eter φ , which, as shown in the left panel
of Fig. 2, by now shows negative, and thus
non-physical values (see e.g. [12]),

but also

b) the local interstellar spectrum itself,

a study which will be published in a subsequent
paper.
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