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Abstract

In this study a highly resolved Beryllium-10-record from a rapidly accumulating sediment core located in the Southern Cape
Basin (ODP Leg 177 Site 1089) is presented. To extract the global 10Be-production signal from the sedimentary record a dedicated
correction procedure is applied. First, sediment redistribution is quantified by applying Thorium-230-normalization, then lateral
transport of 10Be and 230Th is assessed using simple box model calculations. The model results indicate that only minor transport
corrections have to be applied. Thus, Site 1089 combines the advantage of good time resolution with nearly negligible oceanic
transport of 10Be leading to a favored site for the reconstruction of global 10Be-production changes from marine sediments.

Our results suggest that the transport corrected 10Be-record at Site 1089 reflects long-term variations of the global 10Be-production rate
over the past 300 kyr. The absolute values of the youngest (Holocene) samples are in good agreement with the estimated recent long-term
averaged global 10Be-production rate (deduced from observations). The variability of the 10Be-flux over the past 300 kyr corresponds
well to the expected range (deduced frommodel calculations). The comparison with other reconstructions of geomagnetic paleointensity
and with records of cosmogenic nuclides further emphasizes the global character of this 10Be-record. Therefore, our results show that it
is possible to quantitatively extract the global 10Be-production rate from a single marine record if transport processes are corrected
for. Since the error of a single reconstruction is large a combination of several highly resolved and transport corrected 10Be-records may
lead to a significantly improved reconstruction of geomagnetic variability and of global cosmic ray flux and over the past 300 kyr.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The production of cosmogenic radionuclides (e.g.
10Be, 14C or 36Cl) on Earth is proportional to the flux of
galactic cosmic rays (GCR) impinging on the upper
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atmosphere. The flux of GCR on Earth, in turn, is
inversely related to the shielding strength of the solar
induced interplanetary magnetic field (IMF) and the
geomagnetic field [1]. Consequently, the atmospheric
production of cosmogenic radionuclides depends on
(i) the flux of GCR arriving at our solar system, (ii) the
strength of the IMF, and (iii) the strength of the
geomagnetic field. All of these parameters vary with
time but on different time scales. While the flux of GCR
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Fig. 1. Two different model estimates of the relative variation of the
global 10Be-production rate as a function of the Earth's magnetic field
strength under the assumption of mean solar magnetic activity given
by Lal [28] (dashed line) and Masarik and Beer [15] (straight line; the
polynomial equation is presented by Wagner et al. [64]).
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reaching the solar system is expected to vary signifi-
cantly on very long time scales (N100 Myr) [2], these
variations are thought to be small [3] when compared to
the other effects described in the following. During the
Late Quaternary the IMF and the Earth's magnetic field
showed several pronounced variations [4–7]. Records
of geomagnetic paleointensity (GPI) show that the
Earth's magnetic field varied on multi-centennial and
longer time scales (e.g. [8,9]). Solar cycles of about 11,
87, and 210 yr are well known (e.g. [10,4,6]), but
millennial variability of the sun has not unambiguously
been detected (e.g. [11–14]). Consequently, it is
generally assumed that geomagnetic modulation controls
the millennial and even some centennial-scale variability
of cosmogenic nuclide production while solar variability
controls the production on shorter time scales.

The majority of 10Be is produced in the stratosphere
[1,15,16] and is quickly removed from the atmosphere by
dry and wet precipitation (the atmospheric residence time
is about 1 yr [17,18]). In the ocean, 10Be adsorbs onto
sinking particles and is slowly removed from the water
column. Because of the long oceanic residence time
(500–1000 yr [19,20]), periodic variations of the atmo-
spheric 10Be-production on decadal to multi-centennial
time scales (mainly caused by solar variability) become
strongly damped in the marine environment. Thus, 10Be
in marine sediments may be used to reconstruct
production changes on long (multi-centennial and longer)
time scales as attributed to the geomagnetic field.
Moreover, possible long-term changes of the IMF (as
suggested previously [12]) and changes in the GCR flux
from outside the solar system would be recorded as well.

In the first part of this paper we focus on the transport
of 10Be in the marine environment. We estimate an
allowed range within the 10Be-flux that is expected to
vary if it reflects long-term averaged 10Be-production
changes and we present a correction procedure to extract
the production signal from a single marine sediment core.
In the second part of the paper, the correction procedure is
applied to reconstruct global 10Be-production from ODP-
Site 1089. To document the global character of the trans-
port corrected 10Be-record, it is compared to several
globally significant records of GPI and to profiles of cos-
mogenic radionuclides in the final part of the paper.

2. Geomagnetic paleointensity and 10Be in
marine records

Many studies show a relationship between 10Be and
GPI in marine records (e.g. [21–25]). However, climate-
induced variations are often much larger than the
atmospheric production signal and it is still unclear
whether (or to what extend) these records are influenced
or overprinted by climate signals [26,27]. To estimate the
so-called “allowed range” within the 10Be-flux in deep-
sea sediments is expected to vary if solely controlled by
production changes, the long-term averaged (on centen-
nial time scales) absolute value and relative range of the
global 10Be-production has to be assessed.

2.1. Relative variation of the long-term averaged global
10Be-production

Model derived estimates (Fig. 1) show that the relative
global 10Be-production is expected to vary between
about 0.6 and 1.9 [28] or between 0.7 and 2.1 [15] of its
present value when the Earth's magnetic field changes
from zero to more than twice its recent field strength
reflecting the observed variability during the Quaternary
[7] (calculated under the assumption of constant mean
solar activity). Due to the long oceanic residence time of
10Be both, spatial inhomogeneities (e.g. latitude-depen-
dency) and short-term variability (e.g. solar modulation)
of atmospheric 10Be-production are expected to be
averaged. Consequently, in this study we assume that
the relative variation of the long-term averaged global
10Be-production ranges between 0.65 and 2.0 of its
present value reflecting the mean range predicted by the
simulations [28,15].

2.2. Absolute value of the long-term averaged global
10Be-production

Both, model calculations [1,15,29,16] and observa-
tions (see Monaghan et al. [30] and references therein)
show very different estimates for the absolute value of



Fig. 2. (a) Sedimentation rate [36], (b) bulk mass accumulation rate
and (c) vertical (230Thex-normalized) mass accumulation rate (c) at
ODP Site 1089 over the past 300 kyr. The curve in (c) is identical
to the correction term in Eq. (1) (β · z / 230Thex) that is used to
calculate the 230Thex-normalized 10Be-flux (see also Section 5.2.1).
The dashed lines in (c) show the assumed open ocean rain rate used
for the model calculations. The vertical arrow indicates the respec-
tive error range.
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the recent global 10Be-production rate. While models
still have to deal with large uncertainties in the absolute
values of the nuclear cross sections for the different
reactions producing 10Be, observations of 10Be-deposi-
tion in various archives apparently are strongly influ-
enced by the complex distribution and scavenging
behavior of 10Be in the troposphere. In this study we
use a recent global 10Be-production rate of (1.21±0.26)×
106 at cm−2 yr−1 [30] calculated from precipitation
samples continuously collected during 1980. This value
is corrected for the latitude dependency of the 10Be-
supply to the Earth's surface and it is corrected for
recycled 10Be derived by the suspension and deposition
of soil particles. However, it cannot directly be assigned
to marine sediments because it is a 1-yr, not a centennial
average. In 1979/80 (the residence time of 10Be in the
atmosphere is about 1 yr) the 11 yr sunspot-cycle showed
a maximum indicating increased IMF-strength, which
caused a lower global 10Be-production compared to the
long-term average. Following the model estimates [1,15],
the global production rate of 10Be during solar maximum
is 15–16% lower compared to the average over a com-
plete solar cycle. Consequently, the 11 yr averaged global
10Be-production rate based on the value measured in
1980 [30] is assessed to be (1.4±0.3)×106 at cm−2 yr−1.
On centennial time scales, the geomagnetic aa-index
(available since 1868) generally is used as a proxy for
solar magnetic activity (e.g. [31,32]). The mean aa-index
in 1979/80 was (20.5±2.8) nT, very close to the long-
term average of (19.3±6) nT measured between 1868
and 2000. Therefore we assume that the production rate
of (1.4±0.3)×106 at cm−2 yr−1 calculated above already
reflects the long-term (centennial) averaged value of
global 10Be-production as it is recorded in marine sedi-
ments. By combining the above results the allowed range
of the 10Be-flux into marine sediments or any other
archive recording globally integrated and long-term
averaged production changes is estimated to vary
between 0.65×(1.4×109)=0.9×109 at cm−2 kyr−1 and
2.0×(1.4×109)=2.8×109 at cm−2 kyr−1. Although the
uncertainty of this estimation is large (22% for each
threshold, estimated from the error in the global
production rate and the different values for the relative
range given by the models), it provides a simple tool
(a necessary condition) to check whether a marine 10Be-
record reflects geomagnetic variability or whether it is
influenced by climate related signals.

3. Site description

ODP Leg 177, Site 1089 is located in the south-
eastern South Atlantic at the northern flank of the
Agulhas Ridge in the southern Cape Basin (40°56′S,
9°53′E) at a water depth of 4621 m [33]. Hydrogra-
phically it is situated in the northern part of the eastward
flowing Antarctic Circumpolar Current (ACC) south of
the Subtropical Front, which bounds the ACC to the
north. On glacial to interglacial time scale deep and
bottom water flow at Site 1089 is linked to global con-
veyor circulation [34]. Presently, Site 1089 is bathed in
Circumpolar Deep Water (CPDW) that has similar
physical and chemical properties compared to Pacific
water masses entering the South Atlantic via the Drake
Passage. Site 1089 shows a pacific like carbonate pre-
servation pattern (high carbonate glacials and low-
carbonate interglacials) reflecting changes in the satura-
tion state of deep and bottom water masses in the deep
Cape Basin [35]. Due to its location on a drift deposit,
Site 1089 shows continuously high sedimentation rates
(about 15 cm/kyr, Fig. 2a) over the last 580 kyr [35,36]
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permitting a good time resolution for paleoclimate studies
on millennial to sub-millennial time scales. Therefore,
Site 1089 provides the high resolution Southern
Hemisphere analog to the drift deposits from the North
Atlantic Ocean drilled during Legs 162 and 172.

4. Age model and accumulation rates

The age model of Site 1089 was derived by mapping
the benthic and planktic foraminiferal δ18O-data to the
SPECMAP stack over the past 580 kyr [37]. The age
model is further constrained by correlating Site 1089
isotope data to those from adjacent core RC11-83 that
has 14 radiocarbon ages in the 11-41 kyr interval and to
a benthic record from core 21-PC02 [37,36]. Over the
past 300 kyr, sedimentation rates (Fig. 2a) as well as
mass accumulation rates (Fig. 2b) are high, ranging
between 5 and 32 cm kyr−1 and 5 and 15 g cm−2 kyr−1,
respectively. Vertical (Th-normalized) accumulation
rates (Fig. 2c, see also Section 5.2.1) are comparable
to open ocean values indicating that Site 1089 is affected
by strong sediment focusing and most probably was not
located in a biologically active high particle flux area
over the past 300 kyr.

5. Methods

5.1. Sample preparation and measurement

In this study 230Thex-normalized 10Be-fluxes from
ODP Site 1089 are presented. For this purpose, sediment
samples were analyzed for thorium and uranium isotopes,
and for their 10Be-content. Chemical preparation of the
Th/U-samples followed standard procedures (e.g. [38]).
The measurements of 230Th, 232Th, 238U and 234U activ-
ities were performed by alpha counting. The analytical
error of the alpha-measurements mostly ranges between
5% and 8% reaching values of more than 10% for certain
samples with very low activities or low chemical yield.
Chemical separation of 10Be for accelerator mass
spectrometry (AMS) also followed previously described
methods (e.g. [23]). The purified 10Be-samples were co-
precipitated with silver to avoid grinding and mixing the
Be-oxide with copper powder (adopted from Stone et al.,
[39]). 10Be-measurements were conducted at the AMS-
facility of Paul Scherrer Institute and ETH Zurich,
Switzerland. The typical analytical error of the AMS
measurement was 3–5%. The measured ratios were
normalized to the internal standard S555 with a nominal
10Be/9Be-ratio of 95.5×10−12. Measured 10Be-concen-
trations were decay corrected using a half-life of 1.52Myr
[40].
5.2. Transport corrections

To extract the 10Be-production signal from marine
sediments two major oceanic transport processes have to
be considered (atmospheric transport can be neglected
because the ocean is considered as well mixed due to the
long oceanic residence time of Be). First, dissolved 10Be
may be transported laterally by advection or eddy dif-
fusion and can be deposited preferentially in biologi-
cally active high particle flux areas (i.e. enhanced
scavenging, e.g. [19]). Second, once-deposited 10Be can
be redistributed with the sediments, for example by
bottom currents, and then be re-deposited elsewhere (i.e.
sediment focusing/winnowing, e.g. [41]). Over the last
years, considerable progress has been made to under-
stand the transport of 10Be in the ocean. A constant-flux-
tracer normalization-procedure to correct for sediment
redistribution was established [42,41] and ocean models
simulating the distribution of dissolved 230Th and 10Be
to correct for enhanced scavenging were used [43–45].
Alternative normalizing techniques have been devel-
oped to extract only the authigenic (stemming from the
sea water) 10Be/9Be-ratio from deep sea sediments
[46,47,27]. Although first results using the authigenic
10Be/9Be-ratio are promising [47,48] a direct compar-
ison with the well established and widely applied
230Thex-normalization technique has not been presented
yet. The 10Be-record presented in this study is suc-
cessively corrected for sediment redistribution and for
enhanced scavenging using dedicated techniques de-
scribed in the following.

5.2.1. 230Thex-normalization
The 230Thex-normalization method is applied to calcu-

late vertical 10Be-fluxes (rain rates). Because 230Th is the
most widely applied constant flux proxy for marine
sediments deposited during the Late Quaternary [42] this
method is briefly described here (for further details see
e.g. [42,41,49–52]). According to this technique the
vertical flux of any sedimentary component can be cal-
culated as:

Fi ¼ Cid
bd z

Th230
ex
0

ð1Þ

Where Fi is the vertical flux of component i, Ci is the
concentration of (i) in the sediment, β ·z is the production
rate of 230Th in the water column (β=2.63×10−5 dpm
cm−3 kyr−1, z=water depth [cm]), and 230Thex

0 is the
decay corrected specific 230Thex-activity [dpm/g]. Note,
that Eq. (1) only depends on the measured concentration
of the sedimentary component (here the measured and
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decay corrected 10Be-concentration) and the specific
230Thex

0 -activity.
Recently, the 230Thex-profiling method became a

topic of controversial discussion [53]. By using
geophysical seismic data the authors found that the
230Thex-profiling technique probably overestimates
sediment focusing in the equatorial Pacific by a factor
of 10 to 20. This deviation was attributed to post
depositional transport effects of 230Th (“leakage” of
230Th from the sea floor and advection of re-adsorbed
230Th with fine grained particles). However, by
comparing the 230Th-activity with grain size distribution
in the terrigenous fraction [34] no indications for a post
depositional transport of 230Th are found at Site 1089
(R2 =0.012, not shown here). Therefore, we conclude
that the 230Thex-profiling method can be applied
successfully at Site 1089 and that it provides a robust
tool to quantify sediment focusing and to calculate
230Thex-normalized 10Be-fluxes.

5.2.2. Enhanced scavenging
To correct the 230Thex-normalized 10Be-record for

enhanced scavenging simple box model calculations are
applied. The identical two-box model was used
previously to correct already existing 230Thex-normal-
ized 10Be-records for enhanced scavenging of 10Be. A
detailed model description is given in [44]. In this study,
the South Atlantic type parameter set (Section 2.3 in
[44]) is used. The only time-dependent input variable for
the model calculations is the 230Thex-derived vertical
mass accumulation rate of the corresponding sediment
core (Fig. 2c). As a constant model parameter, the open
ocean rain rate has to be defined. In this study, a vertical
mass accumulation rate (MAR) of (0.5 ± 0.1) g
cm−2 kyr−1 is assumed (dashed lines in Fig. 2c)
representing the mean accumulation rate in the open
Atlantic Ocean. This value is consistent with earlier
simulations [44] and it takes into account that Site 1089
is a drift deposit accumulating sediments deposited in
open ocean areas. To assess the dependency of the
calculated correction factors on the choice of the open
ocean rain rate, it was varied by ±20% (0.4–0.6 g
cm−2 kyr−1). An additional error of 10% was estimated
that has to be added to the final transport corrected 10Be-
record. Based on the above input values, the 10Be-
Scavenging Factor (10Be-SCF, Eq. (1) in [44]), depict-
ing how much more 10Be compared to 230Th is imported
(SCFN1) or exported (SCFb1) at a certain location is
calculated. To derive the final transport corrected 10Be-
record, the 230Thex-normalized 10Be-flux has to be
divided by the modeled scavenging factors (applied in
Section 6.1).
6. Geomagnetic paleointensity and transport
corrected 10Be-flux at Site 1089

6.1. 10Be-record at Site 1089

The measured 10Be-concentration (Fig. 3a, open
circles) strongly correlates with (the inversed) carbonate
content (red dotted line in Fig. 3a) at ODP Site 1089.
Over the past about 600 kyr the carbonate content is
strongly influenced by variable dissolution/preservation
caused by different mixtures of Pacific with Atlantic
deep water masses in the abyssal Cape Basin [37,35].
Because the carbonate concentration at Site 1089 is
controlled by climate, the 10Be-concentration, in turn,
simply reflects this (climate related) carbonate preser-
vation pattern and therefore is not related to 10Be-
production changes or geomagnetic variability at all.
Because variable carbonate preservation, influence of
different water masses, changing bioproductivity, sed-
iment redistribution, etc. are common features of marine
sedimentary records the measured 10Be-concentration
(even if carbonate corrected) generally cannot be used as
a proxy for GPI. Instead, the depositional flux of 10Be is
not influenced by dissolution of carbonate and changes
in (vertical) sedimentation rate (e.g. [54]). However, the
(bulk) depositional flux of 10Be calculated as the
product of total sedimentation rate, 10Be-concentration
and dry bulk density may be strongly influenced by
sediment redistribution (e.g. [42]). Syndepositional
focusing in particular affects drift deposits like Site
1089, and the 230Thex-data suggest that lateral sediment
import over the past 300 kyr was on average about 16
times larger than the vertical supply at Site 1089. The
average total flux of 10Be was about 30×109 at
cm−2 kyr−1 over the past 300 kyr, which is more than
20 times the recent long-term averaged global 10Be-
production rate, and which apparently was caused by
sediment focusing, not by geomagnetic variability. To
correct for sediment focusing, 230Thex-normalized
vertical 10Be-accumulation rates were calculated using
Eq. (1) (Fig. 3b, solid line with open circles). There are
two strong indicators that the 230Thex-normalized 10Be-
record at Site 1089 already reflects changes in the global
10Be-production rate (as it would be expected if 10Be
behaves as an ideal conservative tracer in the Southern
Ocean, [55]). First, the three youngest samples are close
to the estimated recent long-term averaged global
production rate of 1.4×109 at cm−2 kyr−1 (horizontal,
dashed line in Fig. 3b). Second, the two most prominent
10Be-peaks (Fig. 3b) correspond to two well-known
paleomagnetic minima, the Laschamp Event at around
40 kyr and the Jamaica Event at about 190 kyr. A 10Be-



Fig. 3. The numbers and dashed vertical lines in this and the following plots indicate the Marine Isotope Stages (MIS 1–8) and their boundaries,
respectively. (a) Measured and decay corrected 10Be-concentration (black line, open squares) over the past 300 kyr compared to the climatically
controlled (inverse) CaCO3-concentration (red dotted line) at Site 1089. (b)

230Thex-normalized flux of 10Be at Site 1089 (vertical accumulation rate)
over the past 300 kyr (black line, open circles). Relative maxima in the 10Be-flux coincide with the Laschamp Event (40 kyr) and the Jamaica Event
(about 190 kyr). The 60-kyr and the 90-kyr peaks are labeled I and II. The horizontal line marks the estimated recent long-term averaged global 10Be-
production-rate. The gray area indicates the estimated allowed range (see text for details) together with its uncertainty (vertical arrows). (c) SINT-
normalized (black dashed line) and modeled 10Be-SCF (red line) at Site 1089. A 10Be-SCF above the hatched area (‘no transport’ area) indicates an
import of 10Be while 10Be-SCF below this area reflects an export of 10Be to adjacent open ocean areas (see text for details). The modeled correction
factors (red line) are used to correct the 230Thex-normalized record for enhanced scavenging of 10Be. (d) Transport corrected 10Be-flux at Site 1089
over the past 300 kyr (blue line, open triangles). The gray area again indicates the allowed range. The horizontal line reflects the estimated recent long-
term averaged global 10Be-productioin-rate.
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peak at 60 kyr (I in Fig. 3b) also was observed in the
Vostok ice core [56], but the peak around 90 kyr (II in
Fig. 3b) seems to occur too late to be associated with the
Blake Event. The fact that it will be almost removed by
the subsequent transport correction further suggests that
this peak probably was not caused by a geomagnetic
event. We note that the error of the Jamaica-peak is large
making it difficult to determine its true height, but we
see a clear increasing trend in the 10Be-flux from about
200 to 190 kyr, which we interpret as the Jamaica peak.
Consequently, 3 out of 4 relative maxima of the 230Thex-
normalized 10Be-flux (although caused by only a few
data points) can be related to geomagnetic events or
have been observed in other (ice core) 10Be-records.
Although the variation of the 230Thex-normalized 10Be-
flux is relatively large (more than a factor of 3), within the
uncertainty of the estimated limits this record is
consistent with the allowed range defined above (gray
area in Fig. 3b). Nevertheless, it is very likely that a small
climate induced signal still is present in the 230Thex-
normalized record (e.g. [44,26]). For example, 230Thex-
normalized 10Be-records have been used successfully to
reconstruct Late Quaternary particle fluxes in the
Southern Ocean (enhanced scavenging is assumed to be
proportional to particle flux) [57,58]. In particular, a
230Thex-normalized 10Be-record additionally corrected of
for changes in GPI was used to arrive at a purely particle
flux related signal [57]. To estimate the influence of
enhanced scavenging at Site 1089we divided the 230Thex-
normalized 10Be-record by the 10Be-production changes
expected from the SINT 800 data (using the polynomial
function plotted in Fig. 1 [64] and the absolute value of
10Be-production estimated above). The resulting record
(black dashed line in Fig. 3c) is very similar to the 10Be-
SCF described in Section 5.2.2. However, it may be
influenced by offsets in the age models of the individual
records, and it may overestimate enhanced scavenging of
Be because this approach does not account for the
possible transport of Th. In general, the transport of Th
compared to Be is considered to be small [59,45,60], so
that the SINT-normalized record of enhanced scavenging
(black dashed line in Fig. 3c) should be comparable with
the modeled 10Be-SCF (Section 5.2.2) at Site 1089 (red
line in Fig. 3c). Both (independently derived) estimates of
enhanced scavenging show similar variability over the
past 300 kyr. The SINT-normalized record of enhanced
scavenging (as expected) shows larger variations com-
pared with the modeled10Be-SCF. Major deviations be-
tween both records of enhanced scavenging (in particular
around 45 and 130 kyr) may be removed by aligning the
individual chronologies of the SINT-record and Site 1089
(see also Fig. 5a). Despite the above discrepancies, both,
the modeled 10Be-SCF and the SINT-normalized recon-
struction of enhanced scavenging do not deviate much
from the ‘no-transport’ area (hatched region in Fig. 3c
with 10Be-SCFs around 1±30% error range estimated
from the uncertainty of 10Be-production rate (about 20%)
and the uncertainty of 230Thex-normalization (up to 25%
[42]) indicating that most of the time none or very little
additional transport of 10Be influenced the 230Thex-
normalized 10Be-flux at Site 1089. Based on this result
we conclude that the 230Thex-normalized 10Be-deposition
rate already is a good proxy for the reconstruction of
global 10Be-production rate and for GPI at Site 1089.

To eliminate the small residual transport signal that
potentially is present in the data, the 230Thex-normalized
10Be-record (Fig. 3b) is divided by the modeled cor-
rection factors (red dotted line in Fig. 3c). Due to the
uncertainty of the model calculations (Section 5.2.2), an
additional error of 10% is added to the resulting transport
corrected 10Be-record (Fig. 3d, in all following figures
plotted as blue line with open triangles). The transport
corrected 10Be-record now is corrected for sediment
focusing and for enhanced scavenging. Therefore, it
should mainly represent variations of the long-term
averaged global 10Be-production rate over the past
300 kyr. All data points plot within the allowed range
(gray area in Fig. 3d), and the youngest samples match
the estimated recent long-term averaged global produc-
tion rate (dashed line in Fig. 3d) very well. The Laschamp
Event (40 kyr) and the Jamaica Event (190 kyr) are still
the most prominent peaks in the record, and the 28-kyr
peak (probably the so-called Mono Lake) as well as the
60-kyr peak (Vostok) have become more pronounced in
the transport corrected record. The broad maximum in the
10Be-flux around 100 kyr accompanied by several short
10Be-peaks make it difficult to identify the Blake Event in
this record. A broad 10Be-peak around the Blake Event
also has been found in previous studies (e.g. [22]).

6.2. Global character of the 10Be-record

To show the global character of the transport corrected
10Be-flux at Site 1089 it is compared to magnetization
data from the same site, to the highly resolved Northern
Hemisphere NAPIS-record, and to the global SINT 800
record. Furthermore it is compared to records of
cosmogenic nuclides from different archives. All records
are plotted on their own time scale no tuning or wiggle
matching was applied.

6.2.1. The last 75 kyr
Over the past about 75 kyr high-resolution paleoin-

tensity and cosmogenic records exist. For comparison
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with the 10Be-flux at Site 1089 we selected two paleo-
intensity records, three different reconstructions of at-
mospheric Δ14C, and a highly resolved 10Be-record
(Fig. 4). When compared with GPI-records the 10Be-
flux always is plotted on a logarithmic scale, because the
production of 10Be is not linearly related with GPI
(Fig. 1). This sufficiently accounts for the higher sen-
sitivity of 10Be-production to low dipole strengths
(maximal deviation compared to the original relation in
Fig. 1 is about 10%).

First, the transport corrected 10Be-flux at Site 1089 is
compared to the (inverse scaled) paleointensity record
from the same site (Fig. 4a), and to the NAPIS record
(Fig. 4b). We note that the magnetization signal at Site
1089 is affected by post depositional diagenetic
transformations seriously constraining the applicability
of the magnetization signal at Site 1089 as a GPI-proxy
[36]. Despite the known limitations of the magnetization
data it is compared to the 10Be-record from the same site
because both records are not affected by any error in the
chronology. The NAPIS record, therefore, reflects the
more global reconstruction of GPI compared to Site
1089. Although time resolution of the 10Be-flux is much
poorer compared to the GPI-data, it tends to match the
both GPI-records quite well. Three 10Be-peaks (around
30, 40, and 60 kyr) can be found in the NAPIS-record
(relative minima) and to a lesser extend in the GPI-
record from Site 1089. Between about 60 and 30 kyr
Site 1089 GPI seems to be shifted by about 1000 to
1500 yr to older ages when compared to the 10Be-flux.
Based on the residence time of Be it is expected that the
10Be-signal lags the magnetization signal by some
hundreds of years. The additional shift may have been
caused by an inadequate correction of the lock-in depth
between 30 and 60 kyr. Due to the limited reliability of
the magnetization data this is not further discussed. Note
that a possible time-shift (caused by both, the variable
lock in depth and the residence time of Be) has to be
considered if highly resolved 10Be- and GPI-records are
used to synchronize chronologies.

Second, the 10Be-flux at Site 1089 is compared to
several reconstructions of atmospheric Δ14C from dif-
ferent archives (Fig. 4c). We are aware of the potential
problems when comparing 10Be-flux with Δ14C. To
correctly compare the records the 10Be-data have to be
converted into a Δ14C-record. For such model calcula-
tions (spanning glacial/interglacial time scales) assump-
tions about the global carbon cycle, and about ocean
circulation have to be made that are speculative.
Moreover, model studies were not able to reproduce
the measured atmospheric Δ14C values over the past
50 kyr within the established limits for carbon cycle and
ocean circulation [61,62]. Because of the above limita-
tions this comparison has to be considered qualitatively
only. Except for the Δ14C peak around 44 kyr that is
solely observed in the stalagmite record there is a
reasonable (qualitative) correlation of the different
radiocarbon records with the 10Be-flux at Site 1089
(Fig. 4c). While the marine reconstructions of Δ14C
seem to match with the 10Be-flux between about 60
and 25 kyr, deviations occur in the younger part of the
record. We note that, although the best match is ob-
served with the stalagmite-based reconstruction of
atmospheric Δ14C, the variability of this record, how-
ever, is much higher than explainable by geomagnetic
field changes during the period older than 35 kyr. As
discussed above, this comparison may only be used as a
qualitative indicator to show that the 10Be-record at Site
1089 is controlled by global production changes.

Finally, the transport corrected 10Be-record is com-
pared to the 10Be-flux to the Summit ice cores (GISP2,
GRIP) in Greenland over the past 60 kyr [63] (Fig. 4d,
gray line: unfiltered data, black line: smoothed data). The
ice core record shows a pronounced Laschamp Event
around 40 kyr, and between about 30 and 60 kyr the
marine and the ice core record corresponds fairly well.
However, discrepancies occur for samples younger than
30 kyr. Between 30 and 20 kyr the 10Be-flux at Site 1089
matches better to the NAPIS record (Fig. 4b) than to the
Summit10Be-record, while the situation is inversed
during the past about 20 kyr (Fig. 4d). The absolute
values of 10Be-deposition at Summit do not fit in the
allowed range estimated above. The flux at Summit
ranges between 0.3 and 0.6×109 at cm−2 kyr−1, which is
only 20–40% of the estimated recent long-term averaged
global 10Be-production rate and which is only 20–40%
of the average 10Be-flux at Site 1089. This deviation
seems to be too large to be explained by uncertainties in
the global 10Be-production rate suggesting that the 10Be-
flux at Summit reflects only a certain part of the globally
integrated and long-term averaged signal. In contrast,
several studies have successfully extracted geomagnetic
and solar variability from Greenland ice cores (e.g.
[10,63,6,64]) suggesting that the relatively small 10Be-
flux at Summit (compared to the estimated long-term
averaged global 10Be-flux) reflects a fixed part (constant
over time) of the globally integrated 10Be-production
which is not very sensitive to climate induced transport as
previously suggested [65].

6.2.2. The last 300 kyr
To document the global character of the whole

300 kyr period, the 10Be-record from Site 1089 is
compared to the SINT 800-stack [66] (Fig. 5a), to the



Fig. 4. 10Be-flux at Site 1089 over the past 75 kyr. The transport corrected 10Be-record (blue line, open triangles) is plotted on the same scale in all
diagrams. For comparison with paleointensity records a logarithmic scale type is used (see text for details). All records are plotted on their own
chronologies. (a) 10Be-flux and GPI (smoothed data, black line) from the same site (ODP Site 1089). Note that the geomagnetic record from Site 1089
is not an ideal proxy for GPI (see text). (b) 10Be-flux at Site 1089 compared to the high-resolution NAPIS-75 stack [68] (red line), the error range of
the NAPIS-record is indicated by the red dotted line. (c) The 10Be-flux at Site 1089 is (qualitatively) compared to different reconstructions of
atmospheric Δ14C: from a marine sediment core located north of Iceland [69] (gray filled squares, black line), based on 14C data from Cariaco Basin
sediments [61] (green dotted line), and based on a stalagmite recovered from a submerged cave in the Bahamas [70] (red line). A good qualitative
correlation is observed with the Δ14C reconstructed from a submerged stalagmite. However, this Δ14C signal (red scale) cannot be explained by
geomagnetic variability alone. (d) 10Be-flux recorded at Summit (GISP2, GRIP ice cores, [63]) compared to Site 1089 (smoothed data: black line,
original data: small gray line).
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Fig. 5. 10Be-flux at Site 1089 over the past 305 kyr. The transport corrected 10Be-record (blue line, open triangles) is plotted on the same scale in all
diagrams. For comparison with paleointensity records a logarithmic scale type is used. All records are plotted on their own chronologies. (a) The
10Be-flux at Site 1089 is compared to the globally stacked SINT 800 record (red line), the error range of the SINT-record is indicated by the red dotted
line [66]. The correlation could be improved by adjusting the age models of both records. (b) 10Be-flux at Site 1089 and the relative variation of the
authigenic 10Be/9Be-ratio (black line with filled squares) off the coast of Portugal [47]. Note that the variability of the authigenic 10Be/9Be-ratio is
larger than expected from geomagnetic dipole changes. (c) The transport corrected flux of 10Be in different ocean basins and different sedimentary
regimes: Site 1089: highly accumulating South Atlantic drift deposit; PS2082: nearby Site 1089, but about 250 km closer to the Polar Frontal Zone,
located in the Agulhas Basin [67] (red line with open circles); RNDB 74P: slowly accumulating open Pacific record [54] from the Ontong Java
Plateau (black line with filled triangles) [44,54] (see text for further discussion).
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relative variation of the authigenic 10Be/9Be-ratio off
the coast of Portugal [47] (Fig. 5b), and to different
transport corrected (230Thex-normalized and model cor-
rected) 10Be-records in the Equatorial Pacific Ocean and
in the Southern Ocean [44,67,54] (Fig. 5c).

A good (anti-) correlation of 10Be-flux at Site 1089
with the SINT 800-record is observed over the past
300 kyr (Fig. 5a). The correlation obviously can be
improved by adjusting the time scales of the two records.
However, the offset between about 115 and 140 kyr seems
too large (about 8–10 kyr) to be explained by dating
uncertainties of the different records, a variable lock in
depth of the magnetization signal, the residence time of
10Be in the ocean, or by a combination of all three effects.
An unexplained deviation between a stacked 10Be-record
and the SINT-curve during approximately the same age
range has been reported earlier [44,22]. The authors
speculated that perhaps the sampling of cores with a
uniformly reduced local 10Be-rain rate during that time
could have biased their results. Although this explanation
cannot be completely excluded for Site 1089, modeled
10Be-SCF does not indicate an unusually high export of
10Be during this time (Fig. 5c). Thus, the deviation
between cosmogenic 10Be and the SINT-record between
115 and 140 kyr remains unexplained in this study.

Second, the 10Be-flux at Site 1089 is compared to the
relative variation of the authigenic 10Be/9Be-ratio off the
coast of Portugal [47] (Fig. 5b). The records show a very
similar pattern indicating that both reflect changes of
global 10Be-production. However, the variability of the
authigenic 10Be/9Be-ratio (factor of 4) is much larger
than expected from the geomagnetic variation suggesting
that this record not solely reflects 10Be-production
changes. In particular between 200 and 300 kyr the
variability of the authigenic 10Be/9Be-ratio is much larger
than (i) the transport corrected 10Be-flux at Site 1089, and
(ii) the estimated range due to geomagnetic variability.

Finally, Site 1089 10Be-record is compared to two
230Thex-normalized and transport corrected 10Be-
records from different ocean basins (Fig. 5c). All
records are plotted on the same scale. Despite their
location in very different sedimentary regimes (Site
1089: highly accumulating South Atlantic drift deposit;
PS2082: nearby Site 1089, but about 250 km closer to
the Polar Frontal Zone, located in the Agulhas Basin
[67]; RNDB 74P: slowly accumulating open Pacific
record [54] from the Ontong Java Plateau), the transport
corrected records show very similar variability and
absolute values of 10Be-deposition over the whole age
range. All transport corrected marine 10Be-records plot
within the allowed range (except for four data points of
record RNDB 74P). Given that the error range of each
single record is up to 20% (not shown for better
visibility), it is difficult to discuss the differences within
individual records in detail, but some systematic devia-
tions seem to occur. For example, between about 300
and 170 kyr the 10Be-flux in the Equatorial Pacific
shows a larger variability than at Site 1089, whereas the
10Be-record from PS2082 deviates systematically from
Site 1089 during parts of the last Glacial (MIS 2 and 3).
These deviations may be related to improper corrections
caused by the simplified box model or may be caused by
additional processes not accounted for by the model
calculations (e.g. additional 10Be transported by melt
waters, or changes in ocean circulation). For example, a
constant correction factor was applied to quantify the
export of 10Be to adjacent high particle flux regions for
the Pacific record [44]. However, it is very likely that
Site RNDB74P was influenced by a more variable
transport signal causing the observed short-term fluctua-
tions of 10Be-accumulation (exceeding the ‘allowed’
range given above) between 300 and 170 kyr. The
potential influence of ocean circulation (e.g. glacial
weakening of Thermohaline Circulation) causing a
larger proportion of glacial Pacific deep waters with
higher 10Be-concentrations entering the Southern Ocean
has been suggested to explain the unexpected high 10Be-
deposition rates at site PS2082 during MIS 2 and 3
[44]. Furthermore, a contribution of 10Be from iceberg
melting, in particular in the area around the Polar Front,
where a large quantity of icebergs melt and at the same
time and particulate scavenging is high, could not be
excluded in a previous study [55]. Record PS 2082
(closest to the Polar Front) indeed shows highest
deposition rates during the last Glacial (MIS 2 and 3).
Site 1089 probably is less influenced by additional 10Be
transported by melt waters because the drift sediments
originate from further North and represent a more basin-
wide average (mixture between proximal and distal
sources) than at site PS2082. The variability of 10Be-
rich glacial pacific deep waters also is expected to be
smaller because (10Be-rich) Pacific-type waters (with
variable mixtures of North Atlantic-type waters) formed
the main source of bottom waters at Site 1089 over the
past about 600 kyr [37].

7. Conclusions

The application of a dedicated correction procedure
enabled us to extract the global 10Be-production rate from
a highly accumulating marine sediment core (ODP Leg
177 Site 1089, Southern Cape Basin). First, the 10Be-data
were 230Thex-normalized to correct for sediment redistri-
bution. Then, simple box model calculations were used to
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quantify the lateral transport of 230Th and 10Be. Our
results suggest that the transport corrected 10Be-flux at
Site 1089 reflects the globally integrated and long-term
averaged atmospheric 10Be-production rate over the past
300 kyr, which is inversely related to the geomagnetic
dipole strength. This evidence is based on the following
results/observations: (i) The transport corrected 10Be-flux
at Site 1089 shows distinct peaks that can be linked to
global geomagnetic events. (ii) The youngest (Holocene)
samples match the estimated recent long-term averaged
global 10Be-production rate very well. (iii) The transport
corrected 10Be-flux at Site 1089 plots within the allowed
range that can be explained by geomagnetic dipole
changes. (iv) There is a good qualitative correlation with
other reconstructions of GPI and with different globally
significant records of cosmogenic nuclides from polar ice
cores and marine archives.

Our results, therefore, show that it is possible to
quantitatively extract the global 10Be-production signal
from a single marine record. Although the error of a
single reconstruction is large, the combination of several
highly resolved and transport corrected 10Be-records may
be used to construct a global marine 10Be-stack leading to
a significantly improved reconstruction of GPI from 10Be
in marine sediments. Such a record, for example, can be
used as a tool to match marine, terrestrial, and ice core
chronologies on the millennial and probably the sub-
millennial time scale or it may serve as an indicator for
the global GCR-flux over the past 300 kyr.
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