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Abstract

Surface exposure dating requires the knowledge of cosmogenic nuclide production rates. When determining time-inte-
grated production rates the exposure ages of the calibration samples need to be accurately known. The landslide of Köfels
(Austria) is very well suited for this purpose. It is the largest landslide in the crystalline Alps of Austria dating back to
7800 š 100 years BC (AMS 14C dating of buried wood), which is well within the 14C dendro calibration curve. Exposed
quartz veins were sampled from the tops of large boulders from the toe of the landslide for analysis of 10Be and 26Al. To
calculate sea level, high geomagnetic latitude (½60º), open sky radionuclide production rates, corrections were applied for
altitude and latitude, for shielding by surrounding mountains, for sample geometry, vegetation and snow cover, and for
sample thickness. The production rates for an exposure age of 10,000 years are 5:75 š 0:24 10Be atoms=yr g SiO2 and
37:4 š 1:9 26Al atoms=yr g SiO2. A 26Al=10Be ratio of 6:52 š 0:43 can be calculated. The influence of the geomagnetic
field on these production rates has been estimated using two different geomagnetic field records. Our production rates
should be a good approximation for the use of surface exposure dating between about 5000 and 13,000 years BP.  1998
Elsevier Science B.V. All rights reserved.
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1. Introduction

The measurement of cosmogenic radionuclide
concentrations in surface rocks has become a valu-
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able tool in dating and characterizing landscape de-
velopment [1,2]. This method is known as surface
exposure dating. It utilizes the buildup of cosmo-
genic nuclides in specific minerals of a surface rock
to determine the time, since the surface has become
exposed to the cosmic ray flux.

The measured concentration N.t/ of a cosmo-
genic radionuclide such as 10Be or 26Al can be
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expressed as a function of production, radioactive
decay, exposure time t, and factors describing the
environment of the sampling site.

N.t/ D P0 Ð C Ð 1� e
�
� žÐ²
¼
C ½� Ð t

ž Ð ²
¼
C ½

C N.0/ Ð e�½Ðt
(1)

P0 is the radioisotope production rate valid for
the exposure time and normalized to sea-level, to
high geomagnetic latitude (½60º) and open sky con-
ditions. C is a product of correction factors which
take into account the scaling of P0 to the altitude
and latitude of the sampling location, the shielding
of the cosmic ray flux due to the geometry of the
landscape and the sample, the burden overlying the
actual sample surface such as vegetation, snow, soil,
additional rock, and the effective sample thickness.
ž describes an average erosion rate at the surface
for the whole exposure time. ² is the density of the
material being eroded, ¼ is an effective 1=e length
for the attenuation of the cosmic ray particles in the
rock and the matter above it, and ½ is the decay
constant of the radionuclide. N.0/ is the inherited
radionuclide concentration at the beginning of the
exposure.

All parameters, except ½ and P0, are specific to
the sampling site and can — in principle — be deter-
mined or at least be estimated. As the cosmic ray flux
on the surface of the earth changes with time due to
changes in the primary galactic cosmic ray flux, due
to solar activity and more importantly due to changes
in the geomagnetic field, the instantaneous radionu-
clide production rate is time-dependent. Therefore,

Table 1
Published production rates of 10Be and 26Al (sea-level and geomagnetic latitude ½60º) and 26Al=10Be ratios

Method=location Exposure age Production rates (atoms=yr g SiO2) 26Al=10Be

10Be 26Al

Sierra Nevada rocks [3] 11 kyr 6.03 š 0.29 36.8 š 2.7 6.10 š 0.54
Sierra Nevada rocks [9] 13 kyr 5.80 a

Antarctic rocks [11] �2.5 Myr 6.4 š 1.5 b 41.7 š 5.9 b 6.5 š 1.3
Antarctic rocks [10] ½4 Myr 6.13
Antarctic rocks [12] 35 š 2
Water target [9] 1–2 yr 6.0 š 0.3 c

Theoretical [13] a few Myr 5.97 36.1 6.05

a Recalculated from Ref. [3] with new estimate of exposure age and use of geographic instead of geomagnetic latitude.
b Only the smaller of the asymmetric uncertainties quoted in Ref. [11] are listed here.
c Production rate extrapolated to an exposure time of 10 kyr.

the P0, which corresponds to the exposure age of the
event investigated by this method, will have to be
determined independently.

In the following, only the 10Be .t1=2 D 1:51ð 106

yr) and 26Al .t1=2 D 7:16 ð 105 yr) production rates
in quartz, the most favorable mineral for these ra-
dioisotopes, will be discussed. Production rate deter-
minations with the best constrained independent age
are listed in Table 1.

The first measurements of 10Be and 26Al time-
integrated production rates were made by Nishiizumi
et al. [3] in quartz extracted from glacially-polished
surfaces in the Sierra Nevada (USA). The exposure
time was estimated by constraints on the deglaciation
of the area. Using a new estimate of 13,000 yr BP
for the glacial retreat [4] and the geographic instead
of the geomagnetic latitude of the sampling site as
suggested by Ohno and Hamano [5,6] and Sternberg
[7,8], Nishiizumi et al. [9] recalculated the 10Be pro-
duction rate to 5.80. For time scales of millions of
years, where the cosmogenic isotope concentrations
in the rock surface are assumed to be in saturation,
Nishiizumi et al. [10], Brown et al. [11] and Brook et
al. [12] obtained production rates in agreement with
those of Nishiizumi et al. [3].

Recently, Nishiizumi et al. [9] reported on produc-
tion of 10Be from water targets exposed to cosmic
rays for 1–2 years. Correcting the calculated produc-
tion rate for quartz (averaged over 4 solar cycles) for
the influence of the changes in the geomagnetic field
over the last 10,000 years, their new 10Be production
rate is in good agreement with the revised original
measurement of Nishiizumi et al. [3].
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The theoretical calculations of Masarik and Reedy
[13] for very long exposure times are in agreement
with the ‘measured’ ones. These calculations are
based on nuclear systematics, known or estimated
cross sections and the development of the cosmic ray
cascade through the atmosphere into the rock.

The advantage of measuring production rates
which have been time-integrated in the geologic
environment is that variations in the galactic cos-
mic ray flux and changes in the geomagnetic field
are already incorporated. In addition, the integra-
tion over long time spans smoothes out the effects
of these changes making the production rates good
approximations for a range of exposure ages close
to those of the calibration samples. Because of this
integration effect, this range increases when going
further back into the past. The disadvantage of this
method is that one needs to find samples of an ex-
posure age which has been determined accurately
by independent means. The most favorable method
for this is radiocarbon dating of an event within the
radiocarbon calibration curve, especially if the event
would fall within the dendrocalibration curve. We
have found such an event in the landslide of Köfels
(Austria) which happened about 10,000 years ago.

2. The Köfels event and the sampling locations

9800 years ago a huge landslide occurred above
today’s village of Köfels (Ötztal, Tyrol, Austria)
which completely blocked the river Ötztaler Ache.
During the event, huge rafts of gneiss were released
from the Fundus Ridge which must have been at
least 250 m higher before the event. They slid across
the valley, some remaining intact, others crashed into
a rock terrace at the mouth of the Horlachtal valley.
Fig. 1 is a simplified map of the area showing the
extent of the landslide and the sampling localities.

The volume of material moved was on the order
of 2:5ð 109 m3 making it the largest landslide in the
crystalline Alps. The event has received considerable
attention [14–16], primarily due to the occurrence of
fused rock (pumice of Köfels) at the site. Meteorite
impact and a volcanic eruption were initially sug-
gested as possible origins for the scar on the Fundus
Ridge above Köfels and the pumice. Ehrismann et
al. [17] showed that the energy in a huge landslide

Table 2
14C ages

Laboratory Method Radiocarbon age

Heidelberg conventional 8710 š 150 a

ETH AMS 8705 š 55 b

Heidelberg conventional 8750 š 25 b

a Heuberger [19].
b Ivy-Ochs et al. [18].

would have generated enough heat to melt the gneiss
and form the pumice (frictionite). A tunnel drilled
through the landslide mass encountered valley fill
sediment below the landslide as well as two different
pieces of wood from trees which were apparently
overrun during the slide. The results of radiocarbon
dating these two pieces of wood are listed in Table 2.
Details of the radiocarbon dating can be found in
Ivy-Ochs et al. [18]. The error-weighted mean radio-
carbon age is 8750 š 25 years. The calibrated age
(calendar age) relative to the year 1995 is 9800š100
years [18].

Samples were collected in 1995 and 1996 on
both sides of the Ötztal valley. Samples KOE4, 5,
6, 20 were taken from the toe of the landslide at
Wolfsegg on the top of Tauferberg east of the river
at about 1680 m altitude (see Fig. 1 for sample
locations). KOE4, 5, 6 were angular gneiss blocks
located within several meters distance to each other.
Their size was 1.5–2 m in diameter. The site is dom-
inated by boulders with very little to no fine-grained
material. Boulders are wedged against each other on
a clast-supported deposit, with large holes between
them. One can expect very little fine-grained mate-
rial even immediately following the event making it
a good site for our purpose. Exposed quartz veins
(Table 3) were sampled from the flat tops or the
edges of the top surface of the boulders which were
at least half a meter above ground.

Sample KOE20 was the only boulder measured
which had a glacially-polished surface. Glacial pol-
ish was inferred based on the presence of irregular
sub-parallel scratches, crescentic gouges as well as
the gentle rounded shape of the polished surface. The
polish occurred on only one side of the block, the
other sides had rough surfaces and were only crudely
abraded. A quartz vein (Table 3) was chipped off
from this polished surface. This boulder was about
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Fig. 1. Map of the Köfels landslide area (modified from Ref. [16]). The sampling locations are labeled KOE4, 5, 6, 20, KOE7 and KOE8.
The small maps show the location of the Köfels area with the Ötztal valley and the location of the valley within the borders of Austria.

Table 3
Sample description, mean sample thickness (š0.5 cm), final weight of quartz and measured 10Be and 26Al concentration

Sample code Description Mean sample Final weight Measured concentration (104 atoms=g)
thickness (cm) of quartz (g) 10Be 26Al

KOE4 quartz vein 2.75 72.86 21.9 š 1.3 136.9 š 11.9
KOE5 quartz vein 4.50 60.29 20.2 š 1.4 139.5 š 11.2
KOE6 quartz vein 1.75 75.45 23.3 š 1.4 146.2 š 12.9
KOE7 gneiss 1.50 67.94 17.9 š 1.2
KOE8 quartz harnish 3.00 45.35 13.2 š 1.0 121.7 š 35.8
KOE20 quartz vein 3.50 57.63 19.0 š 1.2 123.2 š 9.9

5 m in diameter and 10 m long sitting in the area
where the toe of the landslide starts to drop off. One
side was sloping steeply to the surrounding ground.
On the opposite, uphill side the surrounding ground
came closer to the top area (on the order of 20 cm),
but was still at least 1 m away from the sampling
site.

The surface of Tauferberg is partially overgrown
with grass and other vegetation with the big boulders
sticking out well from the median surface. Thin pine

trees of about 15 cm diameter and heights of less
than 10 m are spread over the sampling area with an
average density of less than 10 trees per 100 m2.

On the Köfels side of the slide, that is west of
the river, 2 locations were sampled. KOE7 is from
a boulder field at 1920 m altitude very close to the
current crest. The sample came from the flat top
of a gneiss boulder (Table 3) which sat on top of
several other boulders. There is no indication for the
surface to have been covered with soil. The current
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density of trees at this location is less than half that
at Wolfsegg.

Sample KOE8 (at 1795 m altitude) is from a so-
called quartz ‘harnish’. The harnishes found on the
slope are thought to be the original sliding surfaces
of the landslide. The harnish surfaces were generally
flat, and very highly polished, evidencing the heat
and friction necessary for their formation. Harnish
surfaces were only noted on bedrock outcrops, not
on boulders moved during the slide. One of the for-
mer was sampled (Table 3) because here one could
be sure of no irradiation prior to the landslide. How-
ever, this harnish is located in a forested area on the
trail up to the mountain crest (Fundus Ridge). Soil
was seen on adjacent harnish areas, although KOE8
was in a trail where soil and vegetation had been
worn away. The tree cover in this area is currently
about 30–35 trees per 100 m2 with a diameter of
about 20 cm and a height of about 15 m.

3. Sample preparation and analysis

Accelerator mass spectrometry (AMS) was used
to determine the isotope ratios 10Be=Be and 26Al=Al
in the Köfels samples. Sample preparation was car-
ried out according to Ivy-Ochs [20]. Before dissolv-
ing the final amount of quartz (Table 3), 0.4 to 0.5
mg of the same Be carrier was added, which was
used in all our other exposure dating sample prepa-
rations [21,22]. No Al carrier was added. The in-situ
Al content of the samples was measured in aliquots
of the dissolved quartz using ICP AES (inductively
coupled plasma atomic emission spectroscopy). For
each sample, three standard additions were used in
order to avoid matrix effects which could have been
different for each sample. The uncertainty of these
measurements was less than 1%, based on repro-
ducibility and measurement of solutions of known
Al concentration.

The AMS measurements were carried out at the
PSI=ETH AMS facility. Each sample was measured
at least 3 times together with in-house standard
reference materials. Our 10Be standard (S555) is a
secondary standard calibrated to the original material
used in the determination of a 10Be half-life of 1.51
Myr [23], the 26Al standard (ZAL94) is based on
the reference material of Sarafin [24]. Both standards

have been employed in our previous exposure dating
work, which will allow an easy comparison of all
our data. The measured sample isotope ratios were
normalized to these standards and then averaged.
From this average the ratio of the corresponding
chemistry blank was subtracted. This procedure ac-
counts also for any addition of 10Be contained in the
carrier material. The 10Be=Be ratios of the chemistry
blanks were between 1 � 3 ð 10�14 and correspond
on average to a 5% contribution to the measured
sample ratios. The chemistry blanks for the 26Al
measurements had always 26Al=Al ratios equal to 0
indicating that laboratory contamination is negligi-
ble. Sample KOE7 had such a high Al content that
the 26Al=Al ratio was below our detection limit.

Measured 10Be and 26Al concentrations are listed
in Table 3. Their uncertainties were determined the
following way. First, the uncertainties of the AMS
measured isotope ratios of both sample and corre-
sponding standard were added quadratically. Uncer-
tainties associated with the nominal values of the
standards are however not included. The uncertainty
of a sample average is the larger of either the total
statistical error or the 1¦ standard deviation of the
several measurements. The uncertainty of the corre-
sponding chemistry blank was added quadratically
to this. In the case of 26Al, the uncertainties of the
stable Al measurements were added in the same
manner. Finally, in the calculation of the 10Be and
26Al concentrations we have added a 5% uncertainty
quadratically. This additional uncertainty is the 1¦
standard deviation of the 10Be=Be ratios of several
hydrofluoric etching steps after the removal of me-
teoric 10Be from quartz grains [20]. The scatter of
these ratios should include any variations of the ra-
dionuclide concentration in the quartz. It is a very
conservative estimate, because it contains also the
AMS statistical errors of these measurements.

4. Corrections to production rate calculations

To calculate production rates valid at sea-level
and high geomagnetic latitude (½60º), the correction
factor C in Eq. 1 has to be determined for all our
samples. In the following, we discuss and determine
corrections for altitude and latitude, for the reduction
of the cosmic ray flux by the surrounding moun-
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tains and sample geometry, for vegetation, snow, soil
burden and the finite sample thickness, for erosion,
and for prior exposure. Because of the nonlinear
dependence of the correction factors on the various
parameters, the calculated uncertainties of these cor-
rection factors are not symmetric. We used the larger
of the two limits in the calculation of the production
rate uncertainties.

4.1. Altitude=latitude correction

For the altitude=latitude correction, the data of
table 1 in Lal [1] were interpolated using the ge-
ographic instead of the current geomagnetic coor-
dinates of the sampling site (geographic latitude
47.12ºN and longitude 10.9ºE, Österreichische Karte
25 V (1 : 25,000) Blatt 146, Ötz). For the last 10,000
years, the geomagnetic pole can be roughly approx-
imated by the geographic pole [5–7]. Sternberg [8]
estimates that the median difference of the time-
integrated, average geomagnetic pole position to the
geographic pole is 1.4º for the time range 7–10 kyr.
As a conservative estimate for the uncertainty in lat-
itude we have used š2º. Altitudes were determined
with an altimeter calibrated to reference points on
the map (church at Köfels and top of Tauferberg)
with an uncertainty of š20 m. The measured pro-
duction rates at the sampling sites have to be scaled
down to sea-level and high latitude by a factor of 3.8
for KOE4, 5, 6, 20, by 4.5 for KOE7, and by 4.1 for
KOE8. The overall effect of the uncertainties of the
input parameters on the altitude=latitude correction
is less than 4%. We have, however, not included any
uncertainty in the data of table 1 of Lal [1].

4.2. Shielding by mountains and sample geometry

The reduction of the cosmic ray flux due to shield-
ing by the surrounding mountains and due to sample
geometry was determined from a 3-dimensional pro-
file of the landscape. Only for sample KOE8 did we
need to include a dip of the sample surface (26º).
For the angular dependence of the cosmic ray flux
intensity I .�/ we used

I .�/ D I .� D 90º/ Ð .sin.�/m (2)

� D angle to the horizon (dip angle) and m D
2:3š1:2 ([3], and references therein). The integrated

flux for the 4 samples KOE4,5,6,20, which have been
used to calculate 10Be and 26Al production rates, is
reduced to 99:5 š 2:2% of the flux for a completely
open sky. The use of m D 3:5 š 1:2 [25] would
have reduced the flux by less than 0.5%. The flux to
KOE7 is reduced to 91:3 š 8:4% and that for KOE8
to 94:0 š 7:7%. The maximum uncertainty of the
shielding correction factor is due to the uncertainty
in m.

4.3. Shielding by vegetation, snow, soil and rock

To estimate the reduction of the production rate
by any matter above the sample, an approximation
of the real environment was made by stacking mean
layers of vegetation, snow and soil on top of the
samples. A mean attenuation of the cosmic rays inte-
grated over the effective sample thickness relative to
the unshielded 2³ surface flux was then calculated
taking into account the angular dependence of the
flux. The air=surface interface has a strong effect
on the cosmic ray neutron flux [13,26,27]. Masarik
and Reedy [13] calculated a relatively flat profile for
the first 12 g=cm2. We assigned a correction factor
of 1 to the first 12 š 1 g=cm2. We also used their
157 g=cm2 for the 1=e attenuation length of the cos-
mic ray flux below the surface and assigned a 10%
uncertainty to this value. This covers the range of at-
tenuation length values as listed in table 2 of Masarik
and Reedy [13].

The thickness of the vegetation layer was ap-
proximated by estimating the biomass of the trees
found in the sampling areas (mean wood density D
0:8 š 0:3 g=cm3) and spreading it over the whole
area (see Section 2). A long-term snow cover value
was estimated from Fliri [28], a compilation of daily
snowfall measurements in northern and eastern Tyrol
between 1895 and 1991. We selected the 22 stations
in valleys, which, like the Ötz Valley, drain north-
ward into the Inn River, and estimated a correlation
between mean annual snow cover and altitude. With
a 50% uncertainty, we can include all stations into
the trend. Four collection sites in the Ötz Valley
(data periods: 40–95 years) cover an altitude range
between 800 m and 1400 m. The Ötz Valley seems
drier than most of the other valleys. We therefore
determined its own altitude–snow correlation, from
which we calculated a mean annual snow cover of
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12.2 cm for KOE4, 5, 6, 20, 14.4 cm for KOE7
and 13.3 cm for KOE8 together with the 50% uncer-
tainty from above. The density of snow was taken as
0:4š 0:2 g=cm2 .

On the one hand, one certainly can argue that the
current vegetation cover and a mean annual snow
cover deduced from the last 50–100 years cannot de-
scribe accurately the environment of the last 10,000
years. On the other hand, one cannot completely
ignore cover by vegetation and snow, as the ob-
servation periods — even if brief — clearly show.
However, even if one did so, the mean production
rates calculated for our samples would be only 1.5%
less, if we accept the flat profile at the air=surface
interface and include the finite sample thickness. It
would be 2.5% more, if we ignored vegetation and
snow cover and started with exponential attenuation
right at the rock surface. We chose to include our
estimates for vegetation and snow cover while using
the attenuation profile of Masarik and Reedy [13].

Only for sample KOE8 do we definitely have
to take soil cover into account. This case will be
discussed later on. There is no indication that soil
has covered the other samples.

To estimate the uncertainties in the correction fac-
tors, we chose a very conservative approach which
facilitated the calculations. We decided to calculate
worst case scenarios choosing the maximum and
minimum values of all parameters involved such that
the correction factors became a maximum and mini-
mum for each sample. Shielding by vegetation, snow
and the effective sample thickness reduces the cos-
mic ray flux to 99:3 š 3:1% for KOE4, 97:2š 3:0%
for KOE5, 100 š 2:6% for KOE6, 100 š 2:3% for
KOE7 and to 98:4 š 3:1% for KOE20 relative to
the open sky flux. The quoted uncertainties are
listed as symmetric errors to facilitate error prop-
agation.

4.4. Erosion

On boulder KOE20 we chipped off glacially-pol-
ished quartz veins. There is no indication that more
than a few millimeters of the rock could have been
eroded away on all our samples qualitatively based
on quartz-vein heights. For a 10,000 year event, ero-
sion of this order of magnitude would change the
calculated production rates by less than half a per-

cent. Because we actually sampled only the quartz
veins, we do not have to worry about erosion at all.

4.5. Prior exposure

Only boulder KOE20 showed glacially polished
areas indicating that it came from the original land-
scape surface. The other boulders sampled (KOE4,
5, 6), which we used to calculate the production
rates, do not show these features on any visible sur-
face. This indicates that they came from below the
pre-slide surface reducing any effect prior exposure
would have had on the measured concentrations. If
we had to worry about significant prior exposure,
then it would have to be sample KOE20, but this
sample actually has the lowest concentration of all 4
calibration samples.

5. Discussion

Table 4 shows 10Be and 26Al production rates
valid for sea-level and high latitude calculated using
Eq. 1. Based on geological constraints (see below),
we selected from the 6 measured samples the 4 sam-
ples from Tauferberg to calculate an error-weighted
mean for the 10Be and 26Al production rates. The
mean, over 9800 years time-integrated production
rates are 5:75 š 0:24 10Be atoms=yr g quartz and
37:4š1:9 26Al atoms=yr g quartz. From these values
one obtains a 26Al=10Be ratio of 6:52 š 0:43 at sea-
level and high latitude. The production rates deduced
from the Köfels event are in very good agreement
with those in Table 1 for the approximately same
exposure age.

In the field, we thought that boulder KOE7 may
have fallen from the fault scarp at the same time as
the rock slide occurred as a whole. The calculated
10Be rate, however, turned out to be so low, that
we have to conclude that the boulder fell much
later. This is not unreasonable as the very steep
scarp remains an active feature with blocks breaking
loose periodically. Using the Köfels 10Be production
rate, we calculated the exposure age of KOE7 to be
7600š 950 years.

The history of KOE8 is quite different from that
of KOE7, because the quartz of KOE8 came from
a friction-polished surface that is thought to be one
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Table 4
10Be and 26Al production rates for sea-level, high geographic (½60º) latitude, open sky and a 10,000 year exposure

Sample code a Production rates (atoms=yr g SiO2) 26Al=10Be

10Be 26Al

KOE4 5.97 š 0.49 37.7 š 3.9 6.32š0.83
KOE5 5.62 š 0.50 39.2 š 3.8 6.98š0.92
KOE6 6.31 š 0.51 40.0 š 4.1 6.33š0.83
KOE20 5.24 š 0.45 34.2 š 3.4 6.54š0.85

Weighted mean 5.75 š 0.24 37.4 š 1.9 6.52š0.43

a All samples were collected at an altitude of 1680 m at (geographic) latitude 47.12ºN and longitude 10.9ºE.

of the original sliding surfaces of the landslide. The
very low 10Be production rate calculated can be ex-
plained with soil cover for this sample. A time-aver-
aged soil cover of at least 16 cm can be calculated
using the newly determined 10Be production rate of
5.75 atoms=yr g quartz, the time of the Köfels event,
a soil density of 2:0š 0:5 g=cm3, and the uncertain-
ties associated with the measurements, the age and
the various correction factors. This value is consis-
tent with observations at the sampling location.

An uncertainty in exposure dating is the assump-
tion of constant radionuclide production rates in the
past. Although the forces which both spatially and
temporally modulate the cosmic ray flux imping-
ing on the surface of the earth are well known, the
magnitude of the variation in the flux with time is
not. There are variations in the flux of the primary
cosmic rays [29–31], changes in solar activity [32]
and variations in the shape and strength of the geo-
magnetic field [33,34]. Very little is known about the
variations of the flux of the galactic cosmic rays on a
time scale of only few thousands of years. Changes
in solar modulations are also poorly known, except
the ones related to the 11-year solar cycle which is
of no importance when averaging over 10,000 years.
The only factor, though probably the most effective,
which is also known to some degree, is the change in
the geomagnetic field.

We studied the influence of geomagnetic field
intensity on relative, time-integrated 10Be production
rates utilizing two different approaches. The first is
based on a combination of the paleomagnetic records
of McElhinny and Senanayake [35] for the time
period before 8.5 kyr and of Tric et al. [36] for the
period 8.6–20 kyr. We have selected these records
also because of the much stronger decrease in the

field between 5–6 kyr BP compared to other data
sets [37,38]. The influence of this strong excursion
should be reflected in the 10Be production rate profile
putting a more stringent lower limit on the time
range.

The second approach is based on 10Be measure-
ments in deep-sea sediments [39]. We first had to
convert the 10Be record into geomagnetic field inten-
sity using new simulation calculations. In this model,
the atmospheric 10Be production rate dependence on
the geomagnetic field can be expressed through a
polynomial of fifth degree with coefficients depen-
dent on latitude. Similar expressions, fifth degree
polynomials with different coefficients, were found
also for the production of 10Be on the earth’s surface.
Applying these polynomials to our two sets of geo-
magnetic field intensities, time-dependent production
rates of 10Be were calculated. In both approaches,
the instantaneous production rates obtained were in-
tegrated with integration steps of 100 years in order
to obtain relative, time-integrated production rates
for the last 20 kyr. The dependence of calculated
production rates on altitude and latitude as a function
of geomagnetic field strength was also thoroughly
investigated and was found to be negligible. The
obtained relation can be taken as universal for all
latitudes and for altitudes lower than 10 km. The
magnetic field data are shown in Fig. 2 and the re-
sults of the production rate simulations in Fig. 3. The
calculated production rates in Fig. 3 are normalized
to the one determined from the Köfels event 9800
years ago. The Köfels rates are 94.1% and 97.6%
of todays production rates for the first and for the
second approach, respectively.

The uncertainties of the magnetic field data will
be reflected in the production rate data. Unfortu-
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Fig. 2. Relative geomagnetic field intensity as a function of time
before present, normalized to the Köfels exposure time. The
thick line a) is calculated from the 10Be data of Frank et al. [39].
The thin line b) is a composition of data from McElhinny and
Senananyake [35] and Tric et al. [36].

Fig. 3. Time-integrated relative 10Be production rate normalized
to the Köfels event as a function of exposure time BP. The thick
line a) and the thin line b) correspond to lines a) and b) in Fig. 2,
respectively. The shaded area is a band with a width of š3%
relative to the Köfels 10Be production rate.

nately, only uncertainties deduced from the 10Be data
of Frank et al. [39] are available to us. Taking these
into account, an error band for the relative produc-
tion rates can be calculated. These errors however
are so large (7–10%) that the measured production
rate from the Köfels event would be valid for the
last 19,000 years. By taking only the mean values of
the geomagnetic data as the most probable values, a
more conservative estimate of the time range can be

obtained. Let us consider the Köfels 10Be production
rate to be a good approximation for the actual ones,
if the latter would be within a š3% band of our
new value. Fig. 3 shows that both calculated curves
do this for exposure ages between 5500 and 13,000
years. Exposure ages of events in this time range
should therefore include an additional uncertainty of
3% when using the cosmogenic radionuclide pro-
duction rates calibrated at 10 kyr BP. Fig. 3 also
indicates that both the Köfels production rates and
the other published rates using calibration samples
in the same time range, should not necessarily be
considered good approximations for exposure dating
events on the order of 20,000 years ago. Clearly,
more experimental and theoretical work is needed
to make the method of exposure dating an absolute
dating tool with uncertainties of less than 10%.

6. Conclusions

We have determined 10Be and 26Al production
rates for exposure dating by measuring these cos-
mogenic nuclides in boulders on the surface of the
debris which the giant landslide of Köfels (Aus-
tria) deposited 9800 years ago. The timing of this
event could be measured by radiocarbon dating of
pieces of trees buried beneath the debris. This is
a rare case, because the time of the landslide lies
in the undisputed range of the 14C dendro-chronol-
ogy. The sea-level and high geomagnetic latitude
(>60º) production rates for an exposure age of 9800
years are 5:75 š 0:24 10Be atoms=yr g quartz and
37:4 š 1:9 26Al atoms=yr g quartz. The 26Al=10Be
ratio is 6:52 š 0:43. The measured sample concen-
trations have been corrected for altitude and latitude,
for shielding by mountains and sample geometry,
for vegetation, snow and finite sample thickness.
Other possible corrections such as erosion or prior
exposure have been investigated.

Calculations have been performed to estimate
the influence of the geomagnetic field over the last
20,000 years on the new production rates. Our cal-
culations show that for the time between about 5500
yr BP and 13,000 yr BP the actual production rates
should lie within š3% of the one determined from
the Köfels event. Conversely, going further back in
time the production rates determined here may no
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longer be as good an approximation as they are for
the period between 5.5 and 13 ka. More experimen-
tal and theoretical work is needed to make exposure
dating a method with absolute uncertainties of less
than 10%.
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