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Abstract

We study how the production rates of cosmogenic nuclides in solid targets at the Earth’s surface depend on the
shape and size of a sampled rock and the position of a sample. We use a physical model simulating the interaction of
galactic cosmic ray particles with matter. Production rates at boulder surfaces may be up to 10^12% lower than values
at the surface of an infinite flat target of the same chemical composition, even when the former sample sees cosmic
rays from the full 2Z solid angle. This is because cosmic ray neutrons are more easily lost back to the atmosphere
from within a non-flat sample than from a flat surface. Therefore, the shape and size of a boulder need to be
considered when taking samples, and production rates may have to be corrected accordingly.
- 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Nuclides produced by cosmic rays in solid tar-
gets at the Earth’s surface are a major tool in
quantitative geomorphology [1,2]. Apart from
the chemical composition of the target, the pro-
duction rates of these cosmogenic nuclides mainly
depend on the ‘shielding’ of a sample, a somewhat
loose term subsuming the attenuation or blocking
of the cosmic ray £ux by the geomagnetic ¢eld,
the atmosphere, overlying material and obstacles
on the horizon or nearby. The e¡ects of the geo-

magnetic ¢eld and the atmosphere have been dis-
cussed in [3^7] and the variations of production
rates with depth below the surface of a rock are
also well studied (e.g. [8]). Corrections for objects
on the horizon or for samples taken from a non-
horizontal but £at surface are described in [1,9].
The temporal variation of the paleomagnetic ¢eld
strength can also be taken into account [7,10,11].

A further factor in£uencing the £ux of cosmic
ray neutrons and hence production rates is the
shape of the irradiated rock. For example, the
total neutron £ux on the top of a hemispheric
boulder lying on a large otherwise £at surface
will be lower than the £ux at zero depth some-
where nearby on the £at surface itself, even
though both samples see the same £ux of incom-
ing neutrons from the entire 2Z solid angle. This is
because the sample on the £at surface will see
more cosmic ray neutrons scattered from sur-
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rounding rock than the sample at the top of the
boulder, i.e. neutrons lost to the atmosphere from
the boulder are less well ‘compensated’ by neu-
trons from the surrounding rock than is the case
in a £at target.

This ‘shape e¡ect’ is rarely taken into account.
Masarik et al. [12] calculated that for a hemi-
spheric boulder of 1 m radius the production
rate at the surface averaged over the entire hemi-
sphere is lower by V11% than the production
rate at the surface of a £at target. Such variations
are of the same order as or larger than other
production rate corrections sometimes applied,
e.g. for snow or vegetation cover or intensity
changes of the paleomagnetic ¢eld. In this work,
we therefore extend the calculations of Masarik et
al. [12] by studying a broader range of boulder
sizes and besides hemispheres other shapes such
as cubes and spires. Note that recently a related
problem has been treated by Dunne and Elmore
[13], namely the variability of the cosmogenic neu-
tron £ux in a vertical cli¡ face near the bottom of
the cli¡.

2. Model calculations

The model of the simulation of interactions of
primary and secondary cosmic ray particles with
matter is based on the codes GEANT [14] and
MCNP [15]. The modi¢cations of the codes nec-
essary for cosmogenic nuclide production rate cal-
culations are described in detail in [16] and refer-
ences therein, as are extensive tests proving the
reliability of these calculations. Here we only
note the main features relevant for the present
study.

In our simulations, only primary protons with
energies between 10 MeV and 100 GeV were con-
sidered. The characteristic feature of the particle
interactions at these energies is the production of
the cascade of secondary particles. For these cal-
culations the Earth’s atmosphere was modeled as
a spherical shell with an inner radius of 6378 km
and a thickness of 100 km, with an elemental
composition (in weight %) of: 75.5% N, 23.2%
O, and 1.3% Ar. The total thickness of the atmo-
sphere was taken as 1033 g cm32, hence all cal-

culations were performed for targets at sea level.
The elemental composition of the rocks was as-
sumed to be that of average terrestrial crust (in
wt%: 0.2% H, 47.3% O, 2.5% Na, 4.0% Mg, 6.0%
Al, 29.0% Si, 5.0% Ca and 6.0% Fe) but the cal-
culated £uxes depend very little on the assumed
composition or the addition of other elements
such as K, unless very high H contents would
be adopted. We adopt a rock density of 2 g
cm33. Control calculations showed, however,
that varying the density hardly in£uences the re-
sults. For example, for densities of 2 and 3 g
cm33, respectively, the ratio of correction factors
given below for a sphere of 2 m radius is always
within 1% of unity. This behavior is somewhat
di¡erent from that of neutrons in the epithermal
and thermal energy range, where previous expe-
rience has shown that neutron £uxes and scatter-
ing depend more on elemental composition and
density than for higher energy neutrons relevant
here.

Production rates in an in¢nite £at target at var-
ious depths (used for normalization purposes)
were obtained by dividing the target into horizon-
tal layers of a thickness of 5 cm. Proton and neu-
tron £uxes within each layer were calculated ¢rst.
Production rates of cosmogenic nuclides were
then obtained by integrating over energy the
product of these £uxes with cross sections for all
nuclear reactions producing the nuclide under in-
vestigation. The calculations presented below
were all done for the nuclide 10Be. However, we
expect that within errors imposed by statistics of
the calculations, these results are well valid for all
cosmogenic nuclides produced mainly by spalla-
tion reactions (i.e. for all nuclides of interest ex-
cept 36Cl), because we are interested in production
rate di¡erences imposed by geometry rather than
in absolute production rates. This has been veri-
¢ed in the case of 26Al production in the R= 1 m
hemisphere. The normalized 26Al and 10Be pro-
duction rates indeed agree with each other well
within error limits.

The main purpose of this work is to study pro-
duction rates in rocks of various shapes (which
are all assumed to lie on an in¢nite £at surface).
Proton and neutron £uxes within these rocks were
calculated by dividing the rocks into cells basi-
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cally with linear dimensions of 5 cm (for the hemi-
spheric boulders also hemispheric shells of 5 cm
thickness were considered). An important modi¢-
cation with respect to the calculations for £at tar-
gets was that we used the £uxes from a hemi-
spheric source with a radius of 20 m as input
for the simulations. This source emitted particles
with a £ux corresponding in spectral and angular
distribution to the respective values at 20 m above
ground (the error introduced by adopting the £ux
at 20 m above ground over the entire hemisphere
is negligible, because the £ux of neutrons hardly
varies within the ¢rst 20 m above ground and
because the transport of all particles within the
hemisphere has been simulated). The rocks in
the center of this hemisphere were irradiated
with 5 million particles. The chosen radius of
20 m is a compromise between the statistical e⁄-
ciency of the calculations and the requirement not
to miss any particles that might interact with the
rock, e.g. all particles that hit the irradiated object
after they were scattered or escaped from the sur-
rounding £at surface or were scattered in the
atmosphere. While calculational e⁄ciency de-
creases with increasing radius, more particles are
missed if a smaller source radius is adopted. The
further procedure for production rate calculations
was then identical with that used for a £at geom-
etry.

The statistical errors of the calculated neutron
£uxes were on the level of 2^3% (1c). The system-
atic uncertainties of our calculated £uxes are esti-
mated to be on the level of 10%, but these essen-
tially cancel out in the ¢nal results. Note that all
calculations as well as the normalization of the
results take into account that neutron £uxes in
the ¢rst 10^20 g cm32 below the air^rock inter-
face are rather constant [17]. For the cross sec-
tions of the relevant nuclear reactions we relied on
the values evaluated and tested in earlier calcula-
tions [8] and updated with new values from recent
experiments [18^20]. The incoming primary galac-
tic cosmic ray particle £ux on the top of the at-
mosphere was taken to be 4.56 cm32 s31. The
secondary particle £ux at ground as a function
of the azimuth angle 3 is usually described by
cosn3. Our calculated £uxes correspond to a
best ¢t value of n of 2.65.

3. Results and discussion

3.1. Thin columns

Fig. 1 shows the production rates in the top
5 cm of ¢ve thin vertical columns of variable length
standing on a £at horizontal surface. Each col-
umn has a quadratic cross section of 5U5 cm.
Production rates are normalized to the mean val-
ue in the top 5 cm of the £at surface. This geom-
etry serves well to illustrate the main e¡ect dis-
cussed here. The missing mass around the column
clearly manifests itself, since the production rates
at the top of each column are lower than the
value at the top of the £at surface, although the
shielding is essentially zero in both cases and
although all samples see incoming cosmic rays
from the entire 2Z solid angle. Whereas the pro-
duction rate is reduced by a mere 2% at the top of
the 0.2 m column, the reduction amounts to some
10% at the top of the 1 m column, an e¡ect that
clearly cannot be neglected. Quite remarkably, the
production rates at the top of the 1.5 and 2 m
columns are only a little lower than the value at
the top of the 1 m column.

In summary, Fig. 1 illustrates that for samples
which have at least one dimension comparable to
the interaction length of the reacting particles, the
real geometry has to be considered. The reason is
that particles escaping from such samples are not

Fig. 1. Mean production rate of cosmogenic nuclides in the
top 5 cm of ¢ve vertical columns with a cross section of
5U5 cm, normalized to the mean production rate in the top
5 cm layer of a £at in¢nite surface.
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compensated to the same extent by particles scat-
tered from other parts of the target as would be
the case in a £at surface. Next we will study
boulder shapes of more immediate practical inter-
est.

3.2. Hemispheres

The inset of Fig. 2a shows for hemispherical
boulders of various radii the production rate aver-
aged over the entire hemispheric shell at depth d,
normalized to the respective production rate at
depth d in a £at in¢nite target. This is an exten-
sion of the work of Masarik et al. [12]. The ¢gure
shows that neutron £ux reductions are largest for
boulders of about 1 m size (small di¡erences be-
tween the R= 1 m curve shown here and in [12]
are due to improved statistics and because we
now consider that the boulder is surrounded by
air and not vacuum).

Perhaps of more practical interest than the pro-
duction rate averaged over a hemispheric shell is
the value at any given position. This is shown in
the main panel of Fig. 2A and in Fig. 2B. Fig. 2A
shows the production rates in the top 5 cm layer
of each of four spheres. The abscissa represents
the angle formed by the vertical and the radius
line passing through the sample. Again, the pro-
duction rates are normalized to those in the top
5 cm of an in¢nite £at surface.

Only at the top of a hemisphere (angle 0 in Fig.
2A) is a calculated production rate reduction en-
tirely due to the neutron £ux de¢cit caused by the
‘missing mass’, whereas at all other positions part
of the reduction will be due to shielding of the
incoming cosmic ray particles by the boulder it-
self. Hence, Fig. 2B shows that the missing mass
e¡ect which we primarily study here reduces the
production rate by some 4.5% at the top of a
R= 1 m boulder and even somewhat less than
that at all other sizes. On the other hand, in sam-
ples taken from the surface but away from the
symmetry axis of the boulder, the combined re-
duction caused by self-shielding and missing mass
amounts to up to V13% for surface samples tak-
en close to the bottom of a R= 1 m hemispheric
boulder. Since samples usually will be taken from
the top of a boulder, it is perhaps gratifying that

the required corrections at this position do not
exceed about 4%. Note, however, that corrections
for, e.g., snow cover or self-shielding due to ¢nite
sample thickness are often even considerably
smaller and yet are routinely done. That the cor-
rection shows a maximum at one particular radius
is expected, since the irradiation geometry of both
very large and very small boulders will e¡ectively
be similar to that of a £at surface.

The main panel of Fig. 2B shows the produc-
tion rate at depth d along straight lines through
the center of a R= 1 m hemisphere at various
angles to the vertical, and the inset of the ¢gure
shows the same for a R= 0.5 m hemisphere. All
production rates are normalized to the value at
the same depth d in a £at target. The fact that
not all lines pass exactly through the same value
at the center re£ects the statistical uncertainties of
the calculations. Normalized production rates at
the center are only slightly below unity in the
smaller boulder, and only slightly above unity in
the larger one. This may seem to be rather sur-
prising, since at the center of a hemisphere the
shielding integrated over the entire 2Z solid angle
is substantially lower than at depth R in a £at
target. Apparently this lower shielding just about
compensates the ‘missing mass’ e¡ect. This is pre-
sumably due to several factors: (i) the £ux of
galactic cosmic ray particles incident at a low an-
gle relative to the horizontal is minor, which
means that the larger shielding in the £at target
is less important than it may seem, (ii) near the
center of the hemisphere, the escape of particles is
probably not so di¡erent from that at depth R in
the £at target, and (iii) the contributions from
particles scattered from the surroundings is minor
at larger depths.

3.3. Cubes

Fig. 3 shows the results for cubic boulders with
sizes varying between 0.5 and 3 m. Again, the
cubes lie on an otherwise £at surface. Normalized
production rates are shown for the top surface
layer of 5 cm thickness, along two straight lines.
One of them (represented by solid lines in Fig. 3)
connects the center of the top face with the center
of a top edge of the cube, the other one (dashed
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Fig. 2. (A) Main panel: Production rate at a given position in the top layer (5 cm) of four hemispherical boulders with radii be-
tween 0.5 and 3 m. The abscissa represents the angle formed by the vertical and the radius line passing through the sample. Pro-
duction rates are normalized to those in top 5 cm of an in¢nite £at surface. Inset: Production rate averaged over the entire hemi-
spheric shell at depth d, normalized to the respective value at depth d in a £at in¢nite target. (B) Main panel: Production rate at
depth d along straight lines through the center of a R= 1 m hemisphere at various angles to the vertical. Inset: the same for
R= 0.5 m. All production rates are normalized to the value at the same depth d in a £at target.
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lines in Fig. 3) is a diagonal on the top face. The
abscissa represents the distance from the center of
the top face. Production rates are normalized to
the average value in a layer of 5 cm thickness at
the surface of an in¢nite £at target.

In contrast to the hemispheric geometry, Fig. 3
shows exclusively the in£uence of the ‘missing
mass’, because all samples are unshielded (apart
from the shielding due to the ¢nite layer thick-
ness, which is identical to that used for the nor-
malization). As expected, production rates de-
crease from the center of the cube’s top surface
towards the edges and the corners. Whereas cor-
rections are nearly negligible for samples from the
center of the top face of a 3 m boulder, correc-
tions on the order of 5^10% are necessary for all
samples from a 50 cm boulder but also for sam-
ples from near the edges or corners of larger
boulders. Corrections for samples from a corner
of a given cube di¡er only very slightly from those
for a sample from the center of an edge of the
same cube.

3.4. Pyramids

The last geometry we consider is pyramids with
a square base and with a vertical symmetry axis
passing through the center of the base. Fig. 4

shows the results for three such pyramids. Two
of them have the same base of 1U1 m but di¡er
in their height (1 and 2 m, respectively), whereas
the third pyramid has a base length of 2 m and is
1 m high. Shown is the relative production rate in
the top meter along the vertical passing through
the symmetry axis (i.e. the top of the pyramid is
at d= 0). Normalization is relative to the produc-
tion rate at depth d in a £at target. The ¢gure
shows that production rates for samples from
the tip of all three pyramids need a sizeable cor-
rection of the order of 10%, whereby the correc-
tion only slightly depends on the angle formed by
the faces of the pyramid. As expected, the smaller
this angle is, the larger the correction becomes.

3.5. Comparison with data

To our knowledge only very few data exist with
which to compare the calculations presented here.
One such set is provided by Gosse et al. [21], who
measured 10Be in samples from the centers of hor-
izontal surfaces on the top of about 10 boulders
of variable size deposited on the Inner Titcomb
Lakes moraine in the Wind River Mountains,
WY, USA. Concentrations of cosmogenic 10Be
corrected for snow cover vary by 7^10% for
boulder sizes between 0.1 and 2 m. Interestingly,
the lowest values are all found for boulders of 1 m

Fig. 3. Normalized production rates for four di¡erent cubic
boulders. Shown are values for the top surface layer (5 cm)
along two straight lines, both extending from the center of
the top face, one towards the center of an edge, the other to-
wards a corner. Production rates are normalized to the aver-
age value in the top 5 cm of an in¢nite £at target.

Fig. 4. Normalized production rate in the top meter along
the vertical passing through the symmetry axis of three dif-
ferent pyramids. Production rates are normalized to the val-
ue at depth d in a £at target.
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size, whereas both smaller and larger boulders
show higher concentrations. This dataset is cer-
tainly too limited to allow for a ¢rm comparison
with our model results, but we note that the ob-
served variations are of the same order as the
predicted ones and their appears to be a minimum
at one particular boulder size. Clearly, however,
systematic studies of nuclide concentrations on
various positions of suitable boulders will be an
important next step.

4. Summary and conclusions

We have shown that the production rates of
cosmogenic nuclides depend on the shape and
size of a sampled rock not only in the obvious
cases where surface samples do not see the full
2Z solid angle due to self-shielding by the rest of
the rock. In samples from non-£at geometries the
cosmic ray neutron £ux is usually lower than in a
sample residing in a £at target because the num-
ber of scattered neutrons lost from the target to
the atmosphere is larger in non-£at targets. We
show that this e¡ect is largest at the surface of a
boulder. Corrections for production rate calcula-
tions amount to up to 10^12%, e.g. for samples
taken at a top edge of a cubic boulder of 0.5^2 m
size or at the top of a V1^2 m sized pyramid.
Such corrections may thus be of the same order
or larger than other corrections sometimes made,
e.g. for snow or vegetation cover or intensity
changes of the paleomagnetic ¢eld. Therefore,
the shape and size of a boulder have to be con-
sidered when taking samples, and, if necessary,
production rates need to be corrected accordingly.
A further consequence of this work is that, if
possible, samples should be taken from some in-
ner part of a £at face of a boulder, although it is
often considerably easier to remove material from
a corner or an edge.

Erosion has not been considered in the calcu-
lations here. For obviously eroded boulders, the
production rate uncertainty due to erosion may
exceed the one due to boulder shape, even if the
erosion rate may be constrained by analyzing
more than one nuclide. So, the correction dis-
cussed here is primarily of interest for rather

young samples or samples from arid zones with
very low erosion rates.
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